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ABSTRACT
Climate change and urbanization have increased the risk of flooding and combined sewer
overflows as well as other stormwater related problems. Given the high costs of traditional
infrastructure rehabilitation, green infrastructure, which mimics natural systems, has become a
popular solution. Green roofs are one prominent example of green infrastructure. These are
engineered vegetative systems positioned on the top of roof structures have been widely adopted
around the world, owing to an abundance of roof area in urban neighborhoods. However, their
hydrologic performance and thermal properties are unclear, due to a lack of qualitative and
quantitative analyses on monitored full-scale green roofs. In particular, few studies have focused
on factors that impact the hydrologic performance of green roofs, such as soil properties which
change as the roof ages, and evapotranspiration (ET) which dries the soil and enables the green
roof to store water from the next storm. Understanding water exchange on a green roof also
requires investigation into the thermal properties of the system. To quantify thermal impacts,
field measurements and a model that couples energy with soil moisture would be of value.

My study aims to fill these gaps by advancing understanding of green roof behavior, including
the aging effect of soil media, ET, and heat transfer, and by developing methods to predict the
hydrologic performance and related thermal properties of green roofs. In this research, rainfall,
runoff, soil moisture content, and meteorological data have been measured in a green roof system
at the Onondaga County Convention Center in Syracuse, NY (OnCenter) since 2015. This study
included controlled laboratory experiments for soil characterization, monitoring the OnCenter
green roof under a variety of weather conditions, and use of computer modeling to predict green
roof performance.

In the first phase of the study, in which I investigated the effects of aging on green roof
functions, virgin and 7-year-old growth media were characterized and the impact of the observed
changes on hydrologic performance was assessed. Differences in structure (particle size
distribution, porosity, organic content, density) and some hydrologic properties were observed.
The aged growth medium experienced a shift to finer particles and smaller pores with a 60%
increase in the organic content. An increase in water filled porosity indicated more water can be
stored in aged growth medium than in the original medium. The observed aging effects on
hydrologic performance were modelled using HYDRUS-1D. Five 24-hour design storms were
applied to predict the retention and detention performance. A 4% improvement in retention
performance was calculated for 7-year-old growth medium for significant storms over the
original medium. Runoff was detected around an hour later in simulations in aged growth
medium compared to original medium. Better retention and detention performance of the green
roof was suggested from both monitored data and simulated data from HYDRUS-1D.

The second phase of the study focused on evapotranspiration (ET), a vital component of the
water balance and also an important term in the soil surface energy balance of green roofs.
Quantifying ET for green roofs helps quantify the thermal and hydrologic benefits of green roof
systems, enabling informed design and installation decisions. In this work, a soil water balance
method was applied to quantify ET using continuous field monitoring for the period May
through November during 2015, 2016, and 2017. Results show daily ET ranged from 0 to 5.4
mm/day with an average of 0.76 mm/day. No clear seasonal variation of ET in the seven-month
period was observed. The ET rate was significantly influenced by initial soil moisture content
and solar radiation. The ET measurements were also compared to fourteen potential ET models

together with soil moisture extraction functions (SMEF), the Thornthwaite-Mather (T-M)
equation, and antecedent precipitation index (API). The crop coefficient (Kc) was obtained
through backward least squares optimization. When soil moisture data are available, the BlaneyCriddle model and the Priestley-Taylor model together with SMEF and monthly Kc values are
recommended for predicting ET for the northeastern U.S. due to their limited data input
requirements. When soil moisture data are not available, the modified API model with monthly
Kc is recommended.

In the third phase of the study, the focus shifted to energy storage and transfer. Green roofs have
the potential to improve thermal performance of building systems through evapotranspiration,
thermal mass, insulation and shading, thus decreasing the cooling energy consumption in
summer. A combined energy and moisture model for the retrofit green roof at the OnCenter was
developed in CHAMPS software with a hourly time step. Reasonable agreement was observed
between the simulated output and monitored data. From the simulated data, the green roof
demonstrated the ability to significantly reduce the temperature fluctuations of the roof
membrane. In summer, the green roof moderated the heat flow through the roofing system and
reduced the air conditioning cost. In winter, under the accumulation of snow, the protection
provided by the growth medium was negligible compared with the protection provided by the
snow. The temperature of the growth medium on the Convention Center remained slightly above
freezing and was relatively steady when heavy snow coverage was present, even during
extremely cold air temperatures. Heat flux is dominated by the temperature gradient between
interior space and the snow layer.

Overall, this research provides valuable understanding on the hydrologic and thermal behavior of
green roofs, especially extending knowledge of the effect of soil aging, quantification of the ET
process, and prediction of energy flows. The methods and results in this study are valuable for
informing future green roof design, planning, retrofit, maintenance, and policy decision making.
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Chapter 1
INTRODUCTION
Green roofs are not a recent development. The modern green roof industry began in the early 20 th
century, when German roofers employed vegetation on roofs to reduce solar radiation and
protect roof structures. Active research on growth media, vegetation, roof construction, and
design contributed to the development of the modern green roof and design guidelines (FLL,
1995). Green roofs typically consist of vegetation, engineered growth medium or other substrate,
drainage layer, waterproof membrane, and the layers of material that make up the roof structure.
Due to an abundance of roof area in urban neighborhoods and increasing environmental
concerns, green roofs have become widely adopted around the world.

The adoption of green roofs is known to have numerous benefits. For example, green roofs can
mitigate the urban heat island effect (Sharma et al., 2016; Theodoridou et al., 2017), reduce
stormwater runoff (Mentens et al., 2006; Gregoire and Clausen, 2011), increase biodiversity
(Metselaar, 2012), reduce air pollution (Bianchini and Hewage, 2012), improve building
insulation (Li et al., 2017), and reduce noise (Besir and Cuce, 2018). However, research on
hydrologic benefits has focused on understanding overall green roof volume retention and
detention performance (Viola et al., 2017; Todorov et al., 2018). Fewer studies have focused on
underlying factors that impact this performance, such as how properties of the growth medium
change as the roof ages, and the role of evapotranspiration (ET) which controls soil moisture.
Because of the importance of ET in hydrology, a better understanding of the effectiveness of
models in simulating ET would be useful in their application of roof design and evaluation of
performance. Furthermore, although research on heat flow through conventional roofs has been
1

explored in detail, only limited studies have considered thermal properties of green roofs (Squier
and Davidson, 2016).
To predict green roof performance, models are available but the accuracy of input parameters is a
major concern. Experimental characterizations of green roof growth media are especially needed.

Green roof hydrologic performance is a function of the effects of a range of interacting biophysical processes. As green roof systems age, both the vegetation and the growth medium
experience changes through a number of natural processes, such as root development, insect
tunneling, soil consolidation, organic matter turnover, and media weathering. Those processes
have potential to change the physical properties and green roof hydrologic performance over
time. Currently there is limited understanding of the evolution of green roof systems and their
hydrologic performance as systems age (De-Ville et al., 2017).

The installation of a green roof should enhance evapotranspiration (ET). Water fluxes from
evaporation and plant transpiration have the potential to reduce building energy use and decrease
stormwater runoff. ET during dry periods affects the soil moisture prior to a rainfall event
(Berretta et al., 2014). The soil water retention capacity of a green roof is known to be highly
sensitive to the initial moisture prior to a rainfall. In addition, ET contributes to latent heat losses
and reducing the surface temperature (Gunkel and Lange, 2017). Studies of green roof
evapotranspiration can improve understanding of the thermal and hydrologic benefits of these
systems and enable informed design and implementation decisions. Furthermore, ET
measurements or predictions are required for numerous green roof hydrologic and energy models
(Schneider, 2011). The gap of investigation of ET performance on green roofs needs to be filled.

2

Thermal benefits of green roofs include energy savings for space heating and cooling, mitigating
urban heat island effects, and protecting the base roof membranes from extreme temperature
fluctuations. Several studies have analyzed the heat flow impact of green roofs in hot weather,
but few studies have examined the thermal performance during cold conditions (Jaffal et al.,
2012). It is economically beneficial to provide a reliable method to predict thermal performance
of a green roof prior to installation. Models can estimate the impact of a green roof on heat flow,
but the validation studies of those models lack long-term, accurate data (Zhang et al., 2017).
Furthermore, a thermal model coupled with a soil moisture model is needed to understand and
evaluate the influence of soil moisture on thermal conductivity.

The primary objective of this study is to advance our understanding of green roof behavior by
reducing uncertainties in the prediction of its hydrologic and thermal performance. Through my
research I aim to fill a gap in current research by exploring three aspects of green roof hydrology,
namely the effect of aging of a green roof, prediction and estimation of evapotranspiration using
measurements, and the development and application of a combined heat and moisture model. I
used the following methods: direct field observations, controlled laboratory experiments, and
computer modeling to predict green roof performance over a range of environmental conditions.

1.1 Dissertation structure
The overarching question for this research is: How can knowledge of the hydrology and
thermal performance of green roofs be advanced through the combination of controlled
laboratory experiments, simulation models, and continuous monitoring of a green roof?

3

Studies that correspond to each chapter of this dissertation are conducted to answer this question.
The structure of the dissertation is illustrated in Figure 1.1.

This thesis contains five chapters. In Chapter 1, I present a background, literature review,
identification of current research gaps, and an outline of how the research fills these gaps. In
Chapter 2, I describe two aspects of the effect of aging of the OnCenter green roof: changes in
the physical characteristics and changes in hydrologic performance. In Chapter 3, I quantify ET
behavior of the roof using the soil water balance method, and evaluate the effectiveness of
various ET models. In Chapter 4, I evaluate the thermal performance of the OnCenter green roof
in summer and winter, both with and without snowpack. Field observations were used to validate
the proposed combined heat and moisture model. In Chapter 5, I summarize the main
conclusions of the research and discuss potential avenues of future research.

4

The structure of this research is illustrated in Figure 1.1 including three phases.

Figure 1.1. Structure of the dissertation. Main thesis topics are effect of green roof aging, prediction of evapotranspiration, and
modeling of thermal performance.
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1.2 Background
1.2.1 Green Roof Hydrology
1.2.1.1 Green Roof Hydrologic Benefits
In recent years, green roofs have become a notable method to mitigate combined sewer overflow
(CSO) problems because they have the capacity to retain rainfall and detain and decrease runoff
(De-Ville et al., 2017). At the onset of rainfall events, water begins to infiltrate into the growth
medium. As the rain continues, flow through the growth medium is limited by its hydraulic
conductivity, slope, evapotranspiration, and water on the surface of the green roof (She and
Pang, 2010).

The potential infiltration rate is defined as a maximum infiltration rate, which depends on the
soil moisture content (Getter et al., 2007). The potential infiltration rate decreases with an
increase in soil moisture (Weil and Brady, 2017). When the rainfall intensity is smaller than the
potential infiltration, rain can infiltrate through the growth medium. As the rainfall intensity
increases, the infiltration rate will also increase but only up to the potential infiltration rate.
Rainfall intensity greater than the potential infiltration rate will not increase the infiltration rate
further.

In general, runoff occurs as the amount of water stored in the growth medium approaches field
capacity. Some of the water within the media is taken up by the vegetation and transpired to the
atmosphere, and some of the water simply evaporates from the soil. Both transpiration and
evaporation are considered retained water lost from the system. In contrast to retention, some of
the rainwater is detained temporarily in the growth medium, which reduces the peak runoff flow
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rate and increases the lag time between peak rainfall and peak runoff (known as the “peak lag
time”). Retention performance of extensive green roofs is well reported in the literature, where
the volume retained varies from 27 to 81% (Mentens et al., 2006; Palla et al., 2018; Wong and
Jim, 2014). Detention performance is much less documented (Marasco, 2014). Peak intensity
reduction, peak lag time, and the lag time between onset of rainfall and onset of runoff (runoff
lag time) are the most common measurements to represent detention. Stovin et al. (2012)
reported that the peak runoff reduction ranges from 20-100%, with an average of about 59%.

1.2.1.2 Factors Affecting Green Roof Hydrology
Growth Medium
The growth medium is generally lightweight and composed of highly porous engineered blends
of organic matter to provide nutrients and inorganic material to provide structure (VanWoert et
al., 2005). The selection of growth medium composition depends on local climate, maintenance
level, required function, and intended vegetation (Vijayaraghavan and Raja, 2014). In general,
depth, composition, and physical properties govern the water storage capacity. Two major types
of green roofs are intensive roofs and extensive roofs. Extensive roofs generally have a thin layer
of growth medium and require minimum maintenance. Intensive roofs have a relatively thick
layer of growth medium, and often require irrigation and constant maintenance (Bianchini and
Hewage, 2012). Many studies have shown that increased growth medium depth will improve the
retention performance (Chow et al., 2018; Stovin et al., 2015). Mentens et al. (2006) reviewed 18
studies and demonstrated that there is a correlation between growth medium depth and retention
volume. They showed that the average percent of retention was 75% for intensive green roofs,
and 50% for extensive green roofs.

7

Green roof hydrologic performance depends on interacting physical properties such as particle
size distribution, pore size distribution, porosity, organic content, and overall material texture
(De-Ville et al., 2017). The particle size distribution is related to the pore size distribution which
affects retention performance (McLaren and Cameron, 1996). Organic content typically has
larger adhesion of water compared to inorganic. Thus, high organic content implies a larger
maximum retention capacity. In contrast, detention performance is influenced by porosity, porescale permeability, and hydraulic conductivity (Coles and McDonnell, 2018). Based on a
literature review, little attention has been given to quantifying the importance of these properties
on detention (Johannessen et al., 2018).

Plants and other Biota
Studies suggest that growth medium characteristics impact green roof retention capacity more
than plant cover and type (VanWoert et al., 2005; Nagase and Dunnett, 2012). Nevertheless,
plants and other biota play an important role in the stormwater retention capacity of green roofs.
During precipitation, plants generally retain rain water through interception by leaves and water
uptake by roots. Nagase and Dunnett (2012) investigated the influence of various plant species
on the retention performance in green roof test beds in a greenhouse. They found grasses were
the most effective for reducing runoff, followed by forbs, and sedum. They also found that plants
with taller height, larger stem diameter, and larger root biomass retained mode water. The
authors reported poor performance of sedum, which they contributed to its smaller roots
compared to forbs and grasses. Larger roots can fill large voids in the growth medium, thus
increasing water holding capacity. However, plants with larger roots typically have poor drought
tolerance (Lu et al., 2014). Sedums are considered succulents and are believed to be the more
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suitable for extensive green roofs because of their drought tolerance, shallow soil adaptability,
and low maintenance. Sedum stores water in its leaves during wet periods. During drought,
sedums enable the crassulacean acid metabolism (CAM) pathway, meaning they open their
stomata and absorb CO2 at night, which coincides with minimal ET demands, while their stomata
are closed during CO2 assimilation to carbohydrates in the daytime (Nektarios et al., 2014).

Some of the hydrologic benefits of plants are also related to their ability to transpire.
Transpiration decreases the soil water uptake and can prevent wetting under small rainfall events,
which help green roofs to extend their retention capacity. Berretta et al. (2014) set up three test
beds with various plants and one test bed without vegetation, to investigate the temporal changes
in soil moisture content during a dry period. They found that the presence of plants resulted in
higher daily moisture loss after a few dry days. Ouldboukhitine et al. (2012) investigated ET
water loss for grass, sedum, and bare growth medium and found that ET for grass was 60%
higher than sedum, and almost 50% higher than bare growth medium. DeNardo et al. (2005)
investigated three green roofs located in Pennsylvania and suggested that water loss rate would
be around 3 mm/day for vegetated and 1.5 mm/day for bare growth medium.

Age of the Green Roof
Both vegetation and growth medium are subject to natural processes which have the potential to
change their characteristics over time. These changes may alter hydrologic performance.
Inconsistent trends were shown in previous studies that relate physical property changes to aging
of green roofs. One study of a green roof in a Mediterranean climate reported that organic
content and pore volumes had nearly doubled over five years (Getter et al., 2007). Emilsson and
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Rolf (2004) reported that the organic content decreased over four months from 3% to 1% in one
sample, and from 10% to 1.6% in a second sample. The authors assumed it may be because of
different type of organic matter decay at different rate. Bouzouidja et al. (2018) found a decrease
in organic content from 5% to 2% in four-year-old growth medium, possibly due to degradation
of organic carbon and loss through drainage. However, the porosity and density of the medium
remained constant. De-Ville et al. (2017) reported there was an unchanged density but a
significant increase in the fraction of fine particles (< 2 mm) in the growth medium over a 5-year
period. Porosity decreased and saturated hydraulic conductivity decreased from 0.0067 to 0.005
cm/s. A low saturated hydraulic conductivity was associated with an increase in detention. DeVille et al. (2017) also examined physical properties using non-invasive X-ray microtomography
(XMT) imaging. The effect of aging on hydrologic performance was evaluated using two
models: a moisture-flux model for retention and an unsaturated-flow finite element model for
detention. Small improvements in retention performance (< 5%) and detention performance (no
statistically significant difference) due to increasing growth media age were observed in this
study. The studies above applied different methods and are geographically distributed, which
may account for the inconsistent results.

Climate
Many studies show that rainfall characteristics, initial water content of the growth medium, solar
radiation, and humidity can affect the hydrologic performance of a green roof (Palla et al., 2018;
Sun et al., 2014; Nawaz et al., 2015). Nawaz et al. (2015) observed an inverse correlation
between retention performance and both rainfall depth and storm duration. Stovin et al. (2012)
analyzed a monitored green roof under climatic conditions of the United Kingdom and found
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mean retention averaged 70% for all events but was only 43% for storms with a return period
greater than one year. The roof retained 13.2 percent of stormwater for large events with a 16
year return period. Carpenter et al. (2016) reported an inverse relationship between the size of
the storm and water retention of a green roof in Syracuse. This green roof could retain between
98% to 100% of the rainfall under low intensity rainfall events, while it only could retain 88% of
the rainfall under high intensity rainfall events.

Green roof moisture retention capacity is highly sensitive to the antecedent conditions prior to a
rainfall event. This is a function of antecedent dry weather period (ADWP) and weather
conditions. Retention percentage increases as the ADWP increases (Stovin et al., 2015).
Higher temperatures and greater wind speeds increase ET and offer faster restoration of soil
storage capacity following precipitation events. Generally, volume retention is higher in summer
than in winter (Berndtsson et al., 2009; Mentens et al., 2006; Schwarz, 2015; Fassman-Beck et
al., 2013). However, this pattern only occurs in regions which tend to have dry-warm summers
and cold winters. Voyde et al. (2010) investigated a green roof in Auckland and did not observe
significant seasonal variation in retention performance. This was due to small seasonal
meteorological variations. Wong and Jim (2014) found that a seasonal effect on mean retention
was not significant in Hong Kong, which has hot-wet summers.

Slope of the Roof
Water retention of green roofs decreases as roof slope increases (Villarreal and Bengtsson, 2005;
VanWoert et al., 2005). Getter et al. (2007) investigated runoff from 12 green roof platforms
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with 4 slopes, 2%, 7%, 15%, and 25%. The retention was 86% for 2% slope and 76% for the
25% slope.

1.2.1.3 Prediction of Green Roof Performance
Determining the limits of precipitation storage capacity and timing and volume of runoff is
important to estimate green roof performance. In general, two methods are used to predict the
performance of a green roof, namely computer models and laboratory experiments using a rain
simulator.

Hydrologic Modeling
Hydrologic modeling of green roofs have been done using (1) physically based models solving
the equations for unsaturated and saturated flow; (2) analytical models that treated green roofs as
storage reservoirs; and (3) water-balance models based on inputs and outputs. Further, various
computational methods exist including the EPA “Storm Water Management Model” (SWMM)
(Rossman, 2010), HYDRUS (Šimunek et al, 1994), and the Soil Water Atmosphere and Plant
model (SWAP) (VanDam et al., 1990).

SWMM
SWMM is a widely used analytical model in the industry (Rossman, 2010). In SWMM 5.1
version, a green roof module is developed as part of Low Impact Development (LID) controls.
SWMM is an efficient tool, however it does not simulate the detailed physical processes of LID
controls (Li and Babcock, 2015; Burszta-Adamiak and Mrowiec, 2013). The inputs are
precipitation data and estimates of retention capacity of the growth medium. Alfredo et al. (2010)
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calibrated a SWMM model using two methods, namely Curve Number and Storage Node. In the
Curve Number approach, each roof subcatchment was linked to an outlet node and the
infiltration was computed. In the Storage Node approach, a storage node and two conduits were
added between subcatchment and outlet. The authors found that the Curve Number approach
underpredicted the volume and rate of discharge, possibly due the assumption that some
infiltration would occur during the best-fit simulation run. The authors also suggested that
caution needs to be paid when predicting green roof performance using SWMM, especially if
validation is not conducted. Burszta-Adamiak and Mrowiec (2013) simulated the stormwater
performance of a green roof using SWMM with the LID control module and found the
simulation results had a weak fit compared to measured flowrates. Nash-Sutcliffe coefficient
(Nash and Sutcliffe, 1970) was used to assess how well the runoff performance was predicted by
the SWMM. With a value greater than 0.5, an acceptable model performance is indicated.
Negative values of Nash-Sutcliffe coefficient for more than a half of the analyzed rainfall events
were observed (Legates and McCabe Jr., 1999). Akdogan and Guven (2016) found the area of
subcatchments, precipitation depth, and conduit depth are the most significant parameters in
SWMM. To better simulate the infiltration process, She and Pang (2010) added the Green-Ampt
infiltration module (Dussaillant et al., 2003) to SWMM. By implementing the infiltration
module, the simulation results agreed with measured data to within 11%.

SWAP
The Soil Water Atmosphere and Plant model (SWAP) is a physically based model developed to
simulate flow and transport processes for a long term time series. It simulates the physical
movement of water, air boundary conditions, and plant water uptake. This is a 1-dimensional
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model for water in unsaturated conditions. It is based on the Darcy–Buckingham equation
(VanDam et al., 1990). The model uses soil water retention curve and hydraulic conductivity as
input parameters and suction per numerical layer, storage in the growth medium, ET and
drainage as output parameters. Metselaar (2012) applied SWAP to determine the effects of
growth media properties on water balance, and the influence of growth media properties on
vegetation type. The results suggested that growth medium with a strong mineral component
could be more sensitive to local conditions.

HYDRUS
HYDRUS (Šimunek et al, 1994) is the commercial graphical edition of the soil water movement
of solutes (SWMS) model, a soil physics model for simulating water, heat, and solute movement
in porous media of various dimensions and shapes. SWMS was developed by the Agricultural
Research Service in FORTRAN code (Palla et al., 2009). HYDRUS is appropriate for green
roofs because it can simulate the infiltration process and predict the variation in soil moisture.
The model solves the Richards equation for saturated-unsaturated water flow in well-described
porous media, e.g., various soil textures (USDA). The Van Genuchten –Mualem relationship
(Van Genuchten, 1980) is applied with Richards equation by determining the unsaturated
hydraulic conductivity in terms of soil hydrologic parameters. The model has a minimum
temporal resolution of 1 second and flexibility in water flow boundary conditions, which make it
suitable for a single facility system (Meng et al., 2014). Multiple studies have successfully
simulated the hydrologic performance of green roofs using HYDRUS-1D/2D (Hilten et al., 2017;
Ma et al., 2010; Hakimdavar et al., 2014; Palla and Gnecco, 2015). Palla et al. (2009) applied
SWMS-2D to a green roof system at the University of Genoa, Italy. The model was calibrated
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using eight rainfall events. After the calibration, the model was able to predict the retention and
detention performance of the green roof with less than 15% error. The authors found that
predicted water content closely matched the observed data at various depths along the vertical
profile well. Hilten et al. (2008) simulated volume retention and peak flow of a green roof using
HYDRUS-1D. The simulation results were validated by monitored data of the study site. For
small events, HYDRUS accurately simulates runoff. For large events, the model tends to overpredict. However, additional large events at the study site are needed to verify the overprediction.

Rain Simulator
A rain simulator is a device used for study rainfall-runoff scenarios under controlled rainfall
intensity. Rain simulators have been widely used in agriculture and environmental studies
(Abudi et al., 2012). The advantage of a rainfall simulator is that rainfall can be controlled. The
approach is especially applicable for research in arid areas where rainfall is not frequent and data
collected under natural rainfall may take a very long period. In addition, the installation of
monitoring systems on green roofs is not practical for most roof systems due to the high cost,
necessary technical support, and maintenance. Samples of soil in the laboratory rather than in
situ can be tested for physical properties and related directly to performance. In addition, rain
simulators can be applied to test the performance of different growth medium compositions in
order to evaluate alternatives for use in green roofs. Several disadvantages of simulator use must
also be considered, including: (1) edge effects at the plot boundaries which occur due to the
small plot size, (2) less variability in the drop size distribution compared to natural rainfall, (3)
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difficulties of mimicking drain conditions, and (4) heavy logistic demands of replicate
experiments, such as time, water, and labor (Bowyer-Bower and Burt, 1989).

Studies have applied rain simulators to test green roofs under varied precipitation conditions.
Alfredo et al. (2010) simulated both low-intensity and short duration, high-intensity rainfall
conditions successfully. They found the green roofs delayed, prolonged, and reduced the peak
intensity to 22%-70% of that on a traditional roof surface. They also found that nearly all of the
rainfall was discharged over a 24 h period immediately following the experiment.

1.2.1.4 Summary of Green Roof Hydrology
In general, hydrologic performance of green roofs (retention + detention) improves as rainfall
depth, rainfall intensity, initial water content, and roof slope decrease. The effects of the growth
medium on retention and detention are a function of its physical properties, such as organic
content, particle sizes and pore sizes. The effects of plants on retention and detention vary due to
species and root structure. Compared to the overall retention performance of green roofs, there is
less understanding of how the age of a green roof affects hydrologic performance due to changes
in growth medium characteristics over time. Among the multiple models that have been applied
in green roof studies, SWMM is a fast assessment tool, while SWAP, SWMS, and HYDRUS
simulate the physical processes of water flow through green roofs. A rain simulator can
investigate soil response to various controlled rainfall intensity.
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1.2.2 Evapotranspiration
Evapotranspiration (ET) is the combination of evaporation and transpiration (Shuttleworth,
2008). Many factors affect ET, including: weather parameters such as solar radiation, air
temperature, relative humidity, and wind speed; soil factors such as soil texture, structure,
density, chemistry, and initial soil moisture; and plant factors such as plant type, root depth and
foliar density, height, and stage of growth (Pickering et al., 1993). ET is an important process in
the water balance in green roofs. ET is also an important term in the soil surface energy balance,
due to the large latent heat of vaporization of water (Wadzuk et al., 2013).

1.2.2.1 ET Measurement Methods
Direct and indirect methods have been applied to measure ET. The various methods of
determining ET are summarized in Table 1.1. Direct methods use equipment to obtain gas
measurements, either CO2 or water vapor, from the vegetation surface. A common method is to
use a chamber to isolate the gas sample. The benefit of the chamber method is that it measures
the actual water flux from the transpiring vegetation rather than inferring it from climate
parameters. The chamber method is widely used in the agriculture field and the history of
applying chambers to evaluate ET can be traced back to the 1930s (Thomas and Hill, 1937). The
open chamber method measures ET through the difference of vapor concentration between inlet
and outlet points using a big hemispherical chamber (Long et al., 1996). The outlet gas is
assumed to have the same water vapor concentration as in the system. This requires long-term
measurement, and portability is a limiting factor (Centinari et al., 2009). For the closed chamber
method, the objective is to place the chamber over the surface, lower the chamber, rapidly collect
the data to determine the changes in water vapor concentration inside the chamber, and then
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move the chamber to a new location to repeat the measurement. The assumption is that all
sources and sinks of the measured water vapor are from within the system, so leaks need to be
controlled by adding an airtight layer at the bottom edges. Clearly, the presence of the closed
chamber will have some effects on the ET process, such as uptake or release of water from the
chamber walls, reduction in total radiation, enhancement of the proportion of diffuse radiation,
blocking of near-surface winds, and increasing air temperature (Reicosky and Peters, 1977;
Davidson et al., 2002). But rapid measurements can minimize those effects with only minor
impact on ET. Litvak et al. (2014) applied a small enclosed chamber to measure ET of irrigated
turfgrass with and without a fan attached. They suggested calibration is important prior to field
measurement, due to the relatively large calibration coefficient they found (k=4.26).
Table 1.1. Evapotranspiration measurement methods.
Brief Description
Lysimeter
Water balance
measurement

Soil water
balance

Indirect
methods
Bowen Ratio
Energy-based
model
Eddy
Correlation

Direct
Methods

Measure the change in the weight of
a sample while measuring
precipitation and drainage
Measure the change in the water
content of a sample using a water
content reflectometer while
measuring precipitation and
drainage
Use the ratio of sensible heat to
latent heat derived from the ratio
between air temperature and
humidity gradients
Calculate ET from the correlation
coefficient between fluctuations in
vertical wind speed and fluctuations
in relative humidity above the
vegetation

Open chamber

Measure the difference of vapor
concentration between inlet and
outlet point

Closed
chamber

Measure the CO2 or water vapor
change in the chamber for a short
time period

Components
of evaporation
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Assumption
Assume the sample is
representative
Assume the soil
moisture sensors
adequately determine a
change in soil water
Assume the turbulent
diffusion coefficient for
sensible heat and latent
heat are the same
Assume only turbulent
transfer of water vapor
at sample point
Assume the output air
has the same water
vapor concentration as
air which has been fully
mixed in the chamber
Assume all sources and
sinks of the measured
gases are from within
the system

Indirect methods include the use of a water balance or surface energy balance. Those methods
calculate ET based on the water flux and energy flux in the vegetation layer and growth medium
surface. For the water balance method, ET is estimated from the measured difference between
incoming and outgoing water fluxes. A method considered to be indirect involves the use of
lysimeters, which are designed to provide continuous data in ET through weight change
(Reicosky et al., 1983). However, installation of lysimeters in green roofs is usually impractical
due to the high cost, labor, and time-intensive involvement. In addition, the lysimeter method
cannot simulate the drainage system of the green roof, and typically the lysimeter retains more
water than the unaffected growth medium (Schneider, 2011). The soil water balance has also
been applied to full-scale green roofs to estimate ET. This method requires capturing continuous
data on precipitation, runoff, and soil moisture change. Berretta et al. (2014) evaluated ET with
the soil water balance method for three commercially-available growth media, Heather with
Lavender Substrate (HLS), Sedum Carpet Substrate (SCS), and Lightweight Expanded Clay
Aggregate (LECA) at the University of Sheffield. The mean values of ET for those three
substrates were 0.76, 0.81, and 0.79 mm/day in March, and 1.83, 1.44, and 1.38 mm/day in May.
Breña Naranjo et al. (2011) showed that the soil water balance method can provide a reasonable
approximation of summer ET with appropriate computational time step. These results were
validated by eddy covariance measurement.

1.2.2.2 ET Modeling
Equations and models have been developed to predict ET from available data, which is referred
to as potential ET (ETo). Some studies suggested that the potential ET estimates could be applied
to predict the actual ET from green roofs with a crop coefficient that depends on the type of
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vegetation (Stovin et al., 2012). The crop coefficient (Kc) is a function of the stomatal resistance,
the ability of the roots to absorb water, and the leaf coverage and density (Allen et al., 1998).
Various potential ET methods exist based on measured climate parameters, such as the PenmanMonteith method (Howell and Evett., 1965; Penman, 2008), the Blaney-Criddle equations
(1959), Priestley-Taylor (1972), Turc (1961), Hargreaves (1975), and the Makkink (1957)
method. Numerous studies have shown that the Penman-Monteith model is the most accurate
method for a range of climatic conditions (Jensen et al., 1990; Chen et al., 2005; Berretta, et al.,
2014). The American Society of Civil Engineers (ASCE) introduced a revised Penman-Monteith
model to allow for calculation over shorter time steps (Stewart and Howell, 2003). The revised
method is more accurate because it uses daily to sub-hourly time steps and vegetation-specific
input parameters. It should be noted that the method requires several climatic inputs including
solar radiation, air temperature, relative humidity, wind speed, soil heat flux, and actual vapor
pressure. The ASCE Penman-Monteith method is widely regarded as the standard method for
calculating ET. Schneider (2011) reported that ET calculated with the Penman-Monteith method
has a 1.01% difference from lysimeter-measured ET on the Villanova green roof over eightmonth study. The default method to estimate ET in SWMM and EnergyPlus (USDOE, 2004)
models is the Penman-Monteith model.

Potential ET (ETo) estimated methods, which were developed for agriculture to study the
irrigation strategies under certain assumptions. These methods are not always applicable to urban
green infrastructure. ETo is estimated using the assumptions of a well-watered monoculture crop
with a uniform plant height in an idealized climate. However, green roofs are commonly not
irrigated, so the assumption of well-watered vegetation is not always true. The difference
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between the actual ET (ETa) and ETo is a function of whether there is sufficient water in the soil.
In non-water-limiting time periods, ETa is equal to ETo times a crop coefficient. ETa decreases as
soil water decreases. In water-limiting periods, four models were developed in the literature to
estimate ETa from ETo: soil moisture extraction functions (SMEFs) (Stovin et al., 2013),
antecedent precipitation index (API) (Priestley, 1972), advection-aridity (A-A) (Ali and
Mawdsley, 1987), and Localized Hargreaves equation (L- Hargreaves) (Allen, 2012). The
SMEFs model is based on actual soil moisture and field capacity. In the absence of soil moisture
data, the API, A-A and L-Hargreaves models can use precipitation data to estimate ETa.

1.2.2.3 Summary of ET
Evapotranspiration is an important factor affecting both hydrologic and thermal performance of
green roofs. However, the quantification of ET on green roofs has received limited attention.
Because the ET process is difficult to measure directly, models have been developed. Potential
ET models have been developed based on measured climate parameters. Various computational
software, such as SWMM (USEPA, 2013) and EnergyPlus (USDOE, 2004), apply PenmanMonteith (Penman, 2008) to represent ET for green roofs. However, potential ET models neglect
factors that affect the actual ET such as soil moisture availability of growth media. An ET model
accounting for soil moisture is required for more accurate prediction of ETa.

1.2.3 Green Roof Thermal Performance
1.2.3.1 Green Roof Thermal Benefits
Compared to traditional roofs, green roofs include three additional roof layers, namely
vegetation, growth medium, and drainage layer. Thermal benefits of green roofs include saving
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energy for space heating and cooling, and mitigating urban heat island effects by cooling the
microclimate. Many studies explored the potential energy savings in buildings via green roofs
both experimentally and numerically. According to those studies, the reductions of heat loss
from the roofs are about 70-90% in summer, and 20-30% in winter (Besir and Cuce, 2018; Getter
et al., 2011). However, Niachou et al. (2001) investigated a green roof in Athens and found the
largest savings are for winter heating, rather than for summer cooling. This differed from the
prevailing thinking that green roofs are predominately regarded as a cooling tool. Another
benefit of a green roof is that it can block the solar radiation, thus protecting the base roof
membranes from extreme temperature fluctuations. Liu and Baskaran (2003) observed the
median daily temperature fluctuation was 6℃ for an extensive green roof in Ottawa, Canada
from November 2000 to September 2002, compared to 45℃ for a traditional roof.

The role of green roofs in providing insulation for buildings has been well reported in the
literature. However, green roofs are not always effective insulators. Zhao et al. (2014) suggested
that standard commercial insulation diminished the differences in growth medium heat fluxes for
different green roof assemblies. Thus, the influence of the growth medium and plants on a green
roof energy balance is limited. In winter, a green roof can also shield the roof membrane from
extreme cold and from sudden changes in ambient air temperatures.

1.2.3.2 Factors affecting Green Roof Thermal Performance
Plants
Foliage absorbs a significant proportion of solar radiation through biological functions such as
photosynthesis and transpiration. Their shading effects can provide a significant degree of local
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sunlight reduction (Kumar and Kaushik, 2005). Foliage height, foliage density, and plant spectral
reflectivity are three main factors affecting thermal performance. Foliage height is strongly
related to the shading of the growth medium surface and to the transpiration levels. Greater
foliage height contributes to increased cooling provided by a green roof (Theodosiou, 2003).
Greater foliage height often results in greater shaded area, increasing heat flux through a green
roof. In addition, greater foliage increases the aerodynamic displacement height and provides a
weaker thermal connection between hot atmospheric air and the air contained within the foliage
zone. Thus, not much cool air from the foliage is diffused into the atmosphere, keeping the
foliage zone at a lower temperature. Foliage density also affects shading and transpiration from
plants. A high foliage density of a green roof can reduce the cooling energy consumption during
the summer due to the shading effect, although it can increase the heating consumption in winter
by preventing some solar radiation from reaching surface of a green roof (Sailor, 2008). Zhao et
al. (2014) compared thermal performance of seven plant species and found that plants with a
lower reflectivity resulted in larger values of the net radiation absorbed by the roof. In the
Chicago area, S.tomentosum is the preferred choice to minimize cooling load in summer.

Growth medium
Several studies suggested that the depth of the growth medium and the water content in the
growth medium have significant impacts on thermal performance. The influence of depth of
growth medium on thermal performance is based on thermal inertia. A thicker growth medium
exhibits a longer time lag and smaller variation of thermal flux. Permpituck and Namprakai
(2012) compared the thermal insulation feature of two green roofs with growth medium depths
of 10 and 20 cm to a bare roof. They found the heat transfer decreased by 59% and 96%,
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respectively, compared to the bare roof. Similar results were obtained by other studies (Coma et
al., 2017).

The thermal properties of the growth medium such as thermal conductivity and specific heat
capacity can affect heat flow through a green roof. These thermal properties depend on soil
composition, dry density, temperature, and water content. Barrio (1998) assessed the summer
cooling potential of green roofs in Athens and found that as the density of the media decreased
from 1500 to 1100 kg m-3, the thermal conductivity also decreased, thus the heat flux through the
roof decreased. When a green roof growth medium is saturated, the thermal conductivity and
specific heat capacity is higher compared to when it is dry. Niachou et al. (2001) found the
change in water content of the growth medium between 30% and 60% alleviates heat storage by
24%. The growth medium with high water content can also enhance heat dissipation due to
evapotranspiration in summer. Lazzarin et al. (2005) suggested that when the green roof was
wet, not only the thermal gain was cancelled, but a slight outgoing flux was produced.

Snow
Snowpack acts as an insulator, decreasing temperature fluctuations and increasing growth
medium temperature. For extensive green roofs, shallow growth media can impair vegetation
vigor in extremely cold regions. Alternatively, snow cover can increase plant survival due to
warmer growth medium temperature. Snow cover can also reduce the frequency of freeze-thaw
cycles, which is essential for the survival of overwintering plants (Boivin et al., 2001). Zhao et
al. (2015) evaluated the snow effect on a green roof in Pennsylvania. Compared to a traditional
roof, the green roof reduced the building energy consumption for heating by 23% without snow,
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but only by 5% with a snow layer. They also found that the snow conductivity depends on the
water content in the snow layer. Getter et al. (2011) investigated seasonal heat flux of an
extensive green roof in the midwestern U.S. and found temperatures at the top of the insulation
layer were more variable with no snow cover than days with snow for both green and traditional
roofs.

1.2.3.3 Green Roof Thermal Modeling
Thermal simulation modeling has often been applied to assess the potential thermal benefits of
green roofs. Some studies have used numerical models such as DesignBuilder, VISUAL DOE
PHPENICS, TRNSYS, and EnergyPlus for energy consumption simulations of green roofs (Ran
and Tang, 2017; Zhang et al. 2017; Lazzarin et al. 2005; Foustalieraki et al., 2016). However, in
most cases, validation was confined to a short-term period. Moreover, these simulations provide
no information on the thermal function of the green roof under various climatic conditions.
Model validated with extended long-term monitoring data is needed. In addition, many models
are complex. Architects and developers need a user-friendly model to quantify the benefits of
green roofs. Sailor (2008) developed a green roof energy balance model to be used with the
EnergyPlus model. This model enables users to add a green roof as a retrofit layer on any
existing roof. The model takes into account ET effects using the Penman-Monteith model by
default. However, the Penman-Monteith model cannot represent actual ET under water limited
conditions. The evaporative and conductive heat are a function of the water content in the growth
medium. This limitation underscores the importance of considering the thermal capacity and
latent heat fluxes associated with moisture transfer when modeling heat flow in green roofs
(Feng et al., 2010).
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1.2.3.4 Summary of Green Roof energy performance
Many studies showed that green roofs can reduce a building’s surface cooling load in summer.
However, few studies have explored a green roof heating load and the influence of snow
dynamics on heat flux through the roof in winter. Various models have been developed to
simulate heat flow through green roofs. However models need to be validated with long-term
monitoring data and observations during summer and winter. Furthermore, it is important to
consider the moisture transfer phenomenon in thermal modeling of green roofs, since soil
moisture content is an important controller of ET and conductive heat fluxes.
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Chapter 2
EFFECT of GREEN ROOF AGING ON PHYSICAL PROPERTIES AND
HYDROLOGIC PERFORMANCE

2.1 Introduction
Growth of cities worldwide has increased the area of impervious land cover. This has reduced
the rate at which rainwater can infiltrate the soil, sometimes leading to flooding. In communities
with combined sewer systems, the capacity of the wastewater treatment plant can be exceeded
during high flow events, and stormwater runoff and sanitary waste may be discharged to rivers,
lakes, estuaries, and coastal waters with minimal or no treatment (Bricker et al., 2008). Rainfall
events with intensity as low as 3 mm/hr can cause combined sewer overflows (CSOs) (Novotny,
2002).

Grey infrastructure solutions such as storage tanks and piping systems are designed to rapidly
move stormwater away from urban neighborhoods. But cost and social issues of this approach to
stormwater management may be problematic. Green infrastructure such as rain gardens,
bioswales, street trees, and green roofs is becoming a popular alternative. These forms of
stormwater control use less manufactured materials and energy, and they take advantage of
ecosystem services to process rainwater by promoting infiltration and evapotranspiration.

Changes in hydrologic performance as a green roof ages remain largely unknown due to the
scarcity of long-term monitoring records. Yet the physical properties of the growth medium will
change due to root development, weathering of media, accumulation and turnover of soil organic
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Built Environment.

matter, and consolidation. Previous studies that relate physical property changes to the aging of
green roofs show inconsistent trends (Getter et al., 2007; Emilsson and Rolf, 2004; De-Ville et
al., 2017). This study provides new information on the effects of aging on green roof hydrologic
performance by investigating a full-scale extensive green roof installed in 2011. This study has
the following objectives:

1: To characterize the physical properties of virgin and aged green roof growth medium via
physical tests.
2: To evaluate retention and detention of precipitation inputs based on real-time monitoring data
on a green roof over several years.
3: To assess the impact of physical changes in growth medium on hydrologic performance using
observation data and appropriate modeling tools.

2.2 Methods
2.2.1 Study Site and Monitoring System
The green roof is located on the Onondaga County Nicholas Pirro Convention Center (OnCenter)
in Syracuse, NY (43.044 N, 76.148 W). Syracuse is located at the northeast corner of the Finger
Lakes region. The local weather features snowy winters (monthly average air temperature: -9℃
to 2.4℃, monthly average snow depth: 591 mm) and humid summers (monthly average air
temperature: 13℃ to 28℃, monthly average precipitation depth: 75.2 mm), in part due to the
lake effect from nearby Lake Ontario. Snow falls between November and March, while rain can
occur any time of the year (Fig. 2.1) (NOAA, 2018).
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Figure 2.1. Average monthly rainfall depth (rain only) and monthly snow depth recorded at the
Syracuse Hancock Airport (1938 - 2018). Snow depth is typically divided by 10 to obtain
meltwater depth.
The OnCenter has an extensive green roof with an area of 5550 m2. The roof consists of the
following layers, starting at the bottom: steel deck, gypsum board, extruded polystyrene
insulation, gypsum board, waterproof membrane, drainage mat, and coarse growth medium (18%
fines) layer of thickness 7.62 cm. Vegetation species include Sedum album, Sedum sexangulare,
Sedum rupestre, Sedum floriferum, and Phedimus taksimense.

Thirteen roof drains are located on the east side of the roof and twelve on the west side (Fig. 2.2).
The roof peak runs approximately north-south for the full length of the roof, midway between the
east and west walls, and the roof has a 1% downward slope from the peak to both east and west
drains. Triangular drain conduits 5.1 cm high positioned at the bottom of the growth medium
convey stormwater from the middle of the roof to each roof drain.
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The hydrologic monitoring system is equipped with CR1000 Dataloggers and AM 16/32B
Multiplexers (Campbell Scientific). A weather station on the roof measures air temperature,
relative humidity, windspeed, and wind direction. A tipping bucket (TE525, Campbell Scientific)
measures rainfall. An electromagnetic flow meter (M2000, Badger Meter) indicates runoff from
eight drains over the southeast area of the roof. All the sensors are scanned every minute and the
data are averaged every five minutes.

Figure 2.2. Positions of drain conduits, roof drains, and growth medium sample collection
locations on the OnCenter green roof.

2.2.2 Data Processing and Event Analysis
The monitoring campaign reported here took place over three years (4/20/2015 – 6/30/2018).
Data were downloaded using Loggernet software (Campbell Scientific). Statistical analysis has
been performed in the open-source software R. The replicated measurements from the lab were
applied to run the F-test to determine if the variances of the two populations were equal. A twosample t-test assuming unequal variances (Welch’s t-test) has been applied to evaluate the
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differences between physical properties in virgin and aged growth media. If p value is smaller
than Alpha (0.05), the hypothesis of no significant difference in the means of each sample is
rejected.

For hydrologic performance analysis, an event-by-event method was applied (Carson et al.,
2013; Nawaz et al., 2015; Fioretti et al., 2010). Continuous data were separated into a series of
rainfall events. Two event criteria were applied: a) each event was separated by a dry period of at
least 6 hours, and b) runoff from a rainfall event must cease before the start of the next event.
This approach ensures the values reported are directly comparable to other studies in the
literature (e.g., Voyde et al., 2010; Fassman-Beck et al., 2013). After the application of these
criteria, 387 events were identified over the three year study period. Then events were evaluated
further based on two additional criteria. First, any event that included snow, either in the
precipitation or previously accumulated on the roof, was excluded (58 events). Snow days were
determined using snow depth measurements by NOAA at the Syracuse Hancock International
(NOAA, 2018). Second, any events where total runoff exceeded total rainfall were excluded (31
events). Thus 298 events were analyzed in this study.

2.2.3 Extraction and Physical Tests of Growth Media
Samples of growth medium were analyzed when the green roof was first constructed in 2011,
and analyzed again in 2018 using identical test procedures (Penn State University, 2018). The
2018 samples were collected from widely spaced locations across the roof from the full depth of
the growth medium and mixed to obtain a composite sample. The tested physical properties
include particle size distribution, dry weight density, total porosity, air -filled porosity, hydraulic
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conductivity, and organic matter. Two replicated samples for each physical property were tested
at the Penn State agricultural lab. Methods used for testing followed the specifications of the
FLL guideline for the planning, execution and upkeep of green roof sites (FLL, 2018).

To determine if characteristics of the growth medium would change with depth, samples were
collected from five locations of the OnCenter green roof in 2016. At each location, three samples
were collected vertically, at one inch intervals (Fig. 2.3). In the lab, a particle size distribution
test was performed using the ASTM standard sieve analysis method for each sample with two
replicates. All samples were oven dried at 105℃ for 24 hours prior to sieving. Bulk density was
determined from a sample of a known volume on a dry weight basis with two replicates. To test
the organic content, samples were first oven dried under 105℃ for 24 hours, and then combusted
under 550oC for 2 hours.

Figure 2.3. Samples collection illustration.

2.2.4 Hydrologic Analysis
To analyze green roof hydrologic performance, rainfall and runoff characteristics need to be
determined by event. Definitions for each characteristic are listed in Table 2.1. For retention
performance, retention % is the main parameter in the analysis. For detention performance, peak
runoff intensity reduction, peak lag time, and the runoff lag time are three main parameters. The
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peak rainfall intensity and peak runoff intensity are expressed in the units of mm hr-1, based on 5minute data collected in the monitoring campaign.

Depth-frequency and peak flow-frequency curves were applied to describe the OnCenter green
roof response to storms in 2015 and 2017. The monitoring campaign started from April 2015,
however, a few events in 2015 were missed. Most of events during December to March in
Syracuse could not be analyzed due to snow. Runoff response is clearly a combination of
multiple factors (Starry et al., 2016 ; Carson et al., 2017). Applying frequency analysis considers
all factors including antecedent dry weather period (ADWP), meteorological conditions, plant
conditions, and rainfall characteristics. Rainfall events were separated into four seasons based on
Syracuse historical temperature, rainfall and snowfall records: Spring (March, April, May);
Summer (June, July, August); Fall (September, October, November); Winter (December,
January, February).

Table 2.1. Definition of the event rainfall and runoff characteristics used for analysis.
Term
Unit
Description
Rainfall depth
mm
Total rainfall depth over full event
-1
Peak rainfall intensity
mm hr
Highest 5-min rainfall rate over full event
Rainfall Rainfall duration
hr
Time between event start and end
Average rainfall
mm hr-1
Rainfall depth / Rainfall duration
intensity
Runoff depth
mm
Total runoff depth over full event
-1
Runoff Peak runoff intensity
mm hr
Highest 5-min runoff rate over full event
Runoff duration
hr
Time between runoff start and end
-1
Average runoff intensity mm hr
Runoff depth / Runoff duration
Retention
%
(Rainfall depth – Runoff depth)/Rainfall
Retention
depth x 100
Peak intensity reduction %
(1-(Peak runoff intensity / Peak rainfall
intensity)) x 100
Detention Peak lag time
hr
Time between peak rainfall and peak runoff
Runoff lag time
hr
Time between start of rainfall and start of
runoff
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2.2.5 Green Roof Hydrologic Modeling
Retention and detention performances within the virgin and aged growth media were modeled in
HYDRUS-1D. Multiple studies have simulated the hydrologic performance of green roofs using
HYDRUS-1D/2D successfully (Hilten et al., 2017; Ma et al., 2010; Hakimdavar et al., 2014;
Palla and Gnecco, 2015). A description of HYDRUS-1D is given in the literature review
(1.2.1.3) with relevant equations given in Appendix A.

The model requires four input parameters to describe the growth medium, namely residual water
content ( 𝜃𝑟 ), saturated water content (𝜃𝑠 ), and independent parameters 𝛼 𝑎𝑛𝑑 𝑛. Saxton and
Rawls (2006) developed new soil water characteristic equations from the currently available
USDA soil database using only the readily available variables of soil texture and organic content.
A graphical computer program was developed to provide equation solutions (USDA, 2009).
First, based on the tested soil texture and organic content of the virgin and aged growth media of
the OnCenter green roof, two seven-point water retention curves were generated based on this
USDA soil water characteristic graphical model. Second, those data points of the water retention
curves were analyzed by RETC version 6.02 applying the Van Genuchten-Mualem function to
obtain the model inputs (Van Genuchten et al., 1991). Details of the Van Genuchten-Mualem
function are described in Appendix A.

The hydrologic performance was determined for five Soil Conservation Service 24-hour design
storms, namely a typical small event (rainfall depth of 25.4 mm) and storms with return intervals
of 2, 5, 50, and 100 years (SCS, 1992). Data from the New York Department of Environmental
Conservation (NYDEC, 2010) for these return times for Syracuse show rainfall depths of 60.25,
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88.1, 118.1, and 131.6 mm, respectively. Based on the SCS method, the Syracuse region belongs
to a Type II distribution, which was used to obtain rainfall intensities at 0.1 hour intervals over a
24-hour period for each of the five rainfall depths. Initial water content prior to each storm was
assumed to be 0.11, which was the average initial soil water moisture content prior to storm
events in the study period.

2.3 Results and Discussion
2.3.1 Growth Medium Physical Properties
The physical properties for virgin and aged growth media are shown in Table 2.2. Bulk density
and porosity showed significant changes (p < 0.05). The organic matter content increased by
60%. There were also changes in the particle size distribution. The mass fraction of particles
with diameter <0.05 mm increased by around 40%. Furthermore, the mass median diameter
decreased from about 4 mm to 3 mm (Fig. 2.4). But the change in mass fraction of particles
with diameter < 2 mm was not small, as both 2011 and 2018 data showed values around 31%.
The overall fraction of silt (0.002 mm to 0.05 mm) plus clay (< 0.002 mm) increased relative to
the fraction of sand (> 0.05 mm) in the growth medium. Weathering and root growth are
believed to be at least partly responsible for the decrease in particle sizes (De-Ville et al., 2015).
The shift to smaller sizes suggests that these factors are probably more important than the loss
of small particles transported by infiltrating rainwater (Schwager and Schaal, 2015), which
would tend to increase the average particle size.

The OnCenter findings are somewhat consistent with one aging study reported by De-Ville et al.
(2017). They found a large reduction in mass median diameter in growth medium particles over
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a five-year period, from 2.53 mm to 0.42 mm. However, the OnCenter findings are contrary to
one study reported by Bouzouidja et al. (2018). They reported that the fraction of particles with
diameter < 2 mm in pozzolana-based growth medium decreased from 18.2% to 12.5% over four
years. These inconsistences among studies suggest a lack of understanding of variability in the
effects of aging on different growth media.
Table 2.2. Physical properties of the OnCenter growth medium.
*Porosity Air-filled Particle
Soil
Saturated
Organic Maximum
Porosity
diameter moisture Hydraulic
matter
water holding
<0.05mm
Conductivity Content Capacity
Unit
(g/cm3) (Vol %)
(Vol %)
(%)
(mass %) (cm/s)
(%)
(Vol %)
2011 0.79
51.2
12.6
5.9
11.9
0.02
2.7
38.6
2018 0.89
55.1
9.3
8.4
16.1
0.02
4.3
45.9
*An asterisk means the difference is statistically significant in the t-test. No replicates were
tested for the organic matter content, and consequently statistical tests cannot be performed.
*Bulk
Density

Bulk density is an indicator of soil compaction, and usually there is a negative correlation
between bulk density and organic matter content. Organic matter acts as a filler to prevent the
mineral portion of the soil from binding tightly and provides a matrix that can rebound when
there is compression (DelVecchia et al., 2014). However, in this study, the bulk density
increased with an increase of organic matter content. Weathering and degradation of organic
matter in the roof growth substrate and gravitational transport of that material has filled larger
pores in the roof substrate. This sedimentation process has thereby increased the bulk density of
the roof substrate, especially near the roof surface. This process may also incorporate dust flux
from the urban setting of the site and will likely continue to densify unless there is sufficient
biotic turbidation or root decay to provide endogenous structure to the soil mat. The growth
medium changed from a relatively homogeneous layer to a system where characteristics varied
with depth with time. Data from a separate study conducted on the roof in 2016 showed that
density averaged 0.83 g/cm3 in the top third of the growth medium, 0.92 g/cm3 in the middle
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third, and 0.99 g/cm3 in the bottom third. Although based on only one set of samples from three
locations on roof, the results suggest that the density has changed as the roof ages. Furthermore,
tests of the organic content of the three layers showed that the surface layer had almost twice as
much organic matter compared to the middle and bottom layers (top: 9.9%, middle: 4.5%,
bottom: 4.3%). Organic matter has a charged surface that attracts water, and under this condition,
water adheres to the particle surface, which would increase the water holding capacity of the top
layer. Hudson (1994) demonstrated that soils high in organic content had significantly greater
water holding capacity than soils of similar texture that contained less organic matter. For
example, a silt loam soil with 4% organic matter held more than twice the water of a silt loam
containing 1% organic matter. The increase in organic content in Table 2.2 is thus consistent
with the increase in maximum water holding capacity. The increase in organic content is also
consistent with the shift to smaller particle sizes, as organic matter is associated with fine
particles (Yio et al., 2013).
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Figure 2.4. Particle size distributions for the virgin and aged growth medium.
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A significant increase in porosity was observed from 2011 to 2018 (p < 0.05). Root growth can
reduce pore volumes due to local compression and pore filling (Dexter, 1987), thereby reducing
hydraulic conductivity. On the other hand the decay of dead roots results in channels which may
increase pore volume and create flow paths, increasing hydraulic conductivity (Schwen et al.,
2011). Air-filled porosity indicates the volume percentage of macropores (pore diameter > 50
μm). Moisture can only be held against gravity inside micropores or water-filled pores.
Micropores control water movement and retention in soils and determine the amount of water
stored in the soil for plant use (Arshad et al., 1996). Although porosity overall increased, airfilled porosity showed a decline, indicating an increase in water-filled porosity (Fig. 2.5). Thus,
more water can be stored in the growth medium, which indicates a greater maximum water
holding capacity and better retention performance. The observed 7% increase in maximum water
holding capacity in Table 2.2 is consistent with this understanding, and with other published
results (Getter et al., 2007; De-Ville et al., 2017).

The saturated hydraulic conductivity (Ksat) did not change between 2011 and 2018. The value of
0.02 cm/s for Ksat satisfies the German FLL standard (FLL, 2008). According to this widely
accepted German standard, the minimum Ksat for extensive green roofs is 0.001 cm/s. We
anticipated a decrease in Ksat, given the increase in water-filled porosity for the aged growth
medium. The lack of change in Ksat is not surprising as other factors could govern hydraulic
conductivity, including cracks, root holes, worm holes, and stability of soil crumbs (Kirkham,
2004).
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Figure 2.5. Data for air-filled and water-filled porosity and for organic matter content in virgin
(2011) and aged (2018) growth medium.

2.3.2 Green Roof Hydrologic Performance
2.3.2.1 Weather and Rainfall Profiles
The yearly total rainfall and runoff collected at the OnCenter for the monitoring period (April
2015 – July 2018) is shown in Figure 2.6. Years 2015 and 2017 shared a similar rainfall pattern
with an annual rainfall at the OnCenter of about 780 mm. The year 2016 was relatively dry, with
around 400 mm rainfall depth. Data were not available for the full year in 2018. Overall, data
from 2015 and 2017 were selected to assess the aging effect on the green roof hydrologic
performance due to data comparability and availability.
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Figure 2.6. Monitored annual Rainfall and runoff data for 2015 – 2018.

2.3.2.2 Retention
The 298 rain events in this study had a total rainfall depth of 1844 mm. These events ranged
from brief showers (event 66, rainfall depth: 0.3 mm, duration: 0.4 hr) to lengthy, intense storms
(event 280, rainfall depth: 90.5 mm, duration: 70 hr). A total of 198 events had 100% retention.
Based on the roof area of 5550 m2, the green roof retained 6400 m3 water over roughly 26
months of rainfall for the three-year monitoring period, excluding times of snow. The fraction of
retention was computed as the difference between total rainfall and total runoff divided by total
rainfall, which was 62% over the monitored period. Retention for individual storms ranged from
14% to 100%. These values aligned with retention values in other studies with similar growth
medium depth. Liu and Minor (2005) reported a 57% retention for a green roof with 100 mm
depth growth medium in Toronto. Carson et al. (2013) reported the mean retention for three
green roofs in New York City as 36%, 47%, and 61%. These sites are in the same climatic zone
as Syracuse. The 96.8% retention for the green roof on the Center of Excellence in
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Environmental and Energy Systems in Syracuse (Carpenter et al., 2016; Todorov et al., 2018),
may be due to the specially designed large storage volume available below the growth medium.

Retention by season for 2015 and 2017 is shown in Table 2.3. The climatic patterns varied
among seasons and years. Syracuse experienced greater precipitation during summer and winter
in 2015 than in 2017, by a factor of two in summer and a factor of five in winter. In summer, a
high retention is expected due to the high rates of evapotranspiration, not considering other
factors. This was the case in 2017, but not in 2015. It appeared the higher total rainfall and larger
number of events might have contributed to the poor retention in summer 2015. Retention values
in spring and fall 2015 were higher than those in 2017 despite a similar number of events,
rainfall depth and mean duration. This pattern suggested that the retention response could depend
on many factors not accounted for in this table, such as the timing of rain events,
evapotranspiration rates, rain intensity, and cloud cover.

Table 2.3. Retention by season for the OnCenter green roof.
2015
2017
# of
Rainfall
Duration Retention
# of
Rainfall
Duration
events depth (mm)
(hr)
%
events depth (mm)
(hr)
Spring
13
124
11.5
70.7
14
113
10.2
Summer
37
307
6.7
60.9
29
151
5.5
Fall
34
222
7.2
57.1
36
292
10.5
Winter
7
53.3
13
56.9
7
10.5
2.7
Total
91
707
8.4
60.3
86
566
8.1

Retention
%
39.9
89.4
43.7
99.2
56.2

The depth frequency curves for rainfall and runoff in 2015 and 2017 are shown in Fig. 2.7. The
curves for rainfall showed very similar patterns for the two years up to 20 mm, yet the curves for
runoff suggested that the probability of exceeding a given runoff value was greater in 2015 than
in 2017, meaning more retention capacity in 2017 than 2015. For example, the exceedance
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probability of 2 mm runoff depth was around 25% in 2015, while it was 17% in 2017. It was
observed for small (0-2 mm), medium (2-10 mm), and large events (10-20 mm) that the aged
green roof had a smaller exceedance probability, except in extreme events. In extreme events,
where rainfall depth was larger than 20 mm, there was no clear pattern. Overall, the aged green
roof provided better retention performance. Although many factors can affect retention
performance, the similarity in depth frequency curves for rainfall for 2015 and 2017 suggested
that the changes in physical properties of the growth medium shown in Table 2.2 might have
provided improved retention performance as the growth medium continued to age between 2015
and 2017.

Figure 2.7. Depth-frequency curves for 2015 and 2017 from the monitoring data.
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2.3.2.3 Detention
A well-designed green roof can reduce the peak intensity and delay the occurrence of runoff.
Peak lag time (hr), runoff lag time (hr) and peak intensity reduction (%) are the three parameters
used for the assessment of detention performance in this study. No runoff occurred in 198 out of
298 events in the monitoring period. In the events with runoff, the runoff was initiated around
3.6 hours (SD = 4.0 hours) after the beginning of rainfall for the study period of three years.
Similarly, the peak in runoff occurred roughly three hours after the peak in rainfall. The
maximum peak rain intensity was 90 mm/hr (event 179, 9/18/2016), and the maximum peak
runoff intensity was 39 mm/hr (event 30, 6/30/2015), both 5-minute averages. The reduction in
peak intensity for individual events ranged from 23% to 99%, with a mean value of 79%.
Marasco (2014) assessed the detention performance of four green roofs in New York City, and
reported the 5-minute mean peak reduction values were between 81% and 85%. But the runoff
lag time ranged from 0.75 to 2 hours over these green roofs, which was shorter than the
OnCenter green roof (3.6 hours on average). The roof configuration (e.g. size, slope, plants, nonvegetated areas, flow paths) influences the lag time, which may differ between the roofs in NYC
and OnCenter (Marasco, 2014). The comparison of detention parameters in 2015 and 2017 are
shown in Table 2.4. The year 2017 had a shorter peak lag time but a higher peak intensity
reduction. The runoff lag time was about the same in both years.
Table 2.4. Green roof average rainfall detention statistics.
2015
2017
Mean
Standard
Mean
Deviation
# storm event
91
/
86
# with runoff
32
/
30
Peak lag time (hr)
3.2
5.5
1.4
Runoff lag time (hr)
3.4
3.1
3.5
Peak intensity reduction (%)
70.9
17.9
81.1
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Standard
Deviation
/
/
4.3
4.4
23.5

To compare the detention performance, peak flow frequency curves were developed for 2015
and 2017 (Fig. 2.8). Peak rainfall intensity for these years shared a similar pattern up to 40
mm/hr. For a given storm event, there was around 8% probability that the peak rainfall intensity
exceeds 40 mm/hr in both 2015 and 2017. However, runoff peak intensity in 2017 was more
likely to be smaller than in 2015. For example, for a given storm event, the exceedance
probability of 3 mm/hr was 11% for 2017, and 20% for 2015. Overall, the aged green roof
provided greater peak intensity reduction.

Figure 2.8. Peak intensity-frequency curves for 2015 and 2017 from the monitoring data.
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2.3.3 Green Roof Hydrological modeling
The estimated residual water content (𝜃𝑟 ), saturated water content (𝜃𝑠 ), scaling parameter (𝛼 )
and shape parameter (n) are shown in Table 2.5. Those four parameters of the growth medium
serve as the inputs for HYDRUS-1D simulation. The independent parameters
𝛼 𝑎𝑛𝑑 𝑛 obtained for the growth medium of the OnCenter green roof are in line with those found
in other green roof studies. Palla et al. (2009) considered the growth medium of a green roof in
Genoa, Italy as sandy loam (𝛼 =0.075 cm-1, n=1.89) for a SWMS-2D simulation and validated
this model using monitored data. Hilten et al. (2017) estimated the growth medium of a green
roof in Georgia as sand (𝛼 =0.145 cm-1, n=2.68) for HYDRUS-1D simulation. Metselaar (2012)
applied (𝛼 =0.0103-0.0596 cm-1, n=1.320-2.167) from the literature for the growth medium of a
green roof in Netherlands for SWAP simulation. Li and Babcock (2015) measured the water
retention curves for five growth media cores and found the values (𝛼 =0.25-0.47 cm-1, n=1.662.44). In all those studies, Parameters 𝛼 and n were calibrated through monitored data.

Table 2.5. Growth medium retention curve fitting statistics for 2011 and 2018 soil (RETC).
Variable Value
S.E.Coeff T-Value
Lower
Upper
2011
ThetaR 0.0324
0.0161
2.01
-0.0188
0.0836
ThetaS 0.455
0.0017
268
0.45
0.460
0.0647
0.0614
1.05
-0.131
0.260
𝛼
n
1.26
0.0661
19
1.05
1.469
2018
ThetaR 0 .01
0.0103
0.98
-0.023
0.043
ThetaS 0.49
0.0006
864
0.49
0.494
0 .064
0.016
3.92
0.012
0.115
𝛼
n
1.185
0.016
75.3
1.14
1.24

The maximum water holding capacity increased from 38.6% in 2011 to 45.9% in 2018 (Table
2.2). In the simulated rainfall-runoff results, an improvement in retention performance was
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observed (Table 2.6). The retention performance in 2018 improved compared to 2011 from 25%
to 3% for the design storms with an average of 8%.

Table 2.6. Retention and detention performance for the virgin and aged growth media.
Year
Small
event
2 year
10
year
50
year
100
year

2011
2018
2011
2018
2011
2018
2011
2018
2011
2018

Rainfall
depth (mm)
25.4
25.4
60.5
60.5
88.1
88.1
118.1
118.1
131.6
131.6

Runoff
depth (mm)
12.4
5.9
47.1
42.4
74.6
69.7
104.5
99.8
117.5
113.3

Retention
(%)
51.3
76.8
22.2
29.9
15.4
20.9
11.5
15.5
10.7
13.9

Runoff lag time
(hour)
12.5
13.8
11.8
11.9
10.5
11.5
9.0
10.4
6.3
9.9

Peak lag
time (hour)
1.1
3.5
0
0.1
0.0
0.0
0.0
0.0
0.0
0.0

Peak
reduction (%)
92.5
97.6
24.6
27.0
5.5
3.1
3.3
1.6
2.7
1.2

Hydrographs of five design storms are shown in Appendix B. The difference in detention
performance was small compared to retention performance between the two modeled years. An
hour runoff lag time was observed in most design storms. However, for the 100-year storm,
runoff in the virgin growth medium started 6.3 hours after the start of rainfall, which is a short
time relative to the start of runoff in the aged growth medium, which occurred 9.9 hours after the
start of rainfall. The relatively short time to onset runoff in the virgin growth medium may be
due to the combination of high air-filled porosity in the growth medium and the action of an
intense storm. High intensity storms can stimulate saturated flow conditions to occur near the
surface, inducing gravitational fluxes. When gravity dominates, water can flow out of the growth
medium through macropores (Weil and Brady, 2017). The relative high fraction of macropores
in the virgin growth medium can result in a small runoff lag time. For peak lag time, peak runoff
occurred immediately after peak rainfall for both virgin and aged growth media. The aged
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growth medium exhibited a greater peak intensity reduction in small events. However, for events
larger than the 10-year design storm, the aged growth medium exhibited a smaller peak intensity
reduction. This is possibly because under the extreme peak rain intensity, aged growth medium
with a smaller fraction of macropores, where water can flow through, exhibited a higher peak
runoff intensity (Poë, 2016).

2.4 Conclusions
In this study, the aging of growth medium of a 0.56 ha green roof was examined, using both
measurements and computer modeling, to assess changes in hydrologic performance. Over seven
years, the particle size distribution showed a decrease in the particle mass median diameter from
4 μm to 3 μm, as well as shifts in the overall distribution toward smaller particles. These changes
are attributed to root growth and weathering. In addition, the organic content of the growth
medium increased from 2.7% to 4.3%, consistent with the reduction in particle size. The aged
growth medium showed an increase in water-filled pores smaller than 50 μm (micropores) and
an increase in the maximum water holding capacity from 38.6% to 45.9%. The hydraulic
conductivity remained constant for both virgin and aged growth medium.

The changes in the growth medium are consistent with the hydrologic data, comparing 2015 and
2017. Meteorological data were somewhat similar in 2015 and 2017, permitting comparisons of
overall rainfall and runoff quantities and also peak intensities of rainfall and runoff. Depth
frequency curves of total rainfall showed that the curves for 2015 and 2017 were very similar,
with little difference in the exceedance probability associated with any given rainfall depth
except for extreme events. However, the exceedance probability of runoff depth was greater in
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2015 than in 2017 for most runoff depths except extreme events. For example, the exceedance
probability of 2 mm runoff depth was 25% in 2015, but only 17% in 2017.

The curves for exceedance probability of peak rainfall intensity for 2015 and 2017 were also
similar except for extreme events. Yet the curves for peak runoff intensity showed probabilities
of exceedance for most values that were greater in 2015 than in 2017 demonstrating that the
growth medium was more effective in storing water in 2017 than two years earlier.

Simulations with HYDRUS-1D showed an average of 8% increase in retention for the five
design storms. The simulated detention performance also showed improvement with age, longer
runoff lag time and an identical peak lag time from the aged growth medium for large rainfall
events. For an extreme event with 100-year return period, the virgin growth medium onsets
runoff three hours before the aged growth medium. The peak intensity reduction of the aged
growth medium is smaller than that of the virgin growth medium for large events (return period
>10 years).

While physical property differences are observed between the virgin and aged growth medium, it
is assumed that those differences are due to aging. However, growth medium heterogeneity may
have contributed to the differences between the virgin and older samples. In addition, shipment
of growth medium samples to the testing lab may have disturbed the physical characteristics.
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2.5 Practical Implications
Few studies have focused on aging effects of green roofs. Previous studies use various methods
for testing the physical properties of growth media such as XMT and physically-derived tests.
Different standards and methods are applied to measure porosity, hydraulic conductivity and
other properties. In this study, improvement in the hydrologic performance was predicted over a
7-year period. However, the improvement is small when compared to weather and seasonal
patterns. Standard methods should be established for investigating aging effects on green roofs.
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Chapter 3
QUANTIFYING EVAPOTRANSPIRATION ON A GREEN ROOF: A COMPARISON
OF SOIL WATER BALANCE METHOD WITH COMMONLY USED PREDICTIVE
METHODS

3.1 Introduction
Green roofs have become popular in recent years because they can mitigate several problems
associated with urbanization. Research on hydrologic benefits has focused on green roof volume
retention performance and to a lesser extent volume detention performance (Viola et al., 2017).
However, only limited studies have considered green roof evapotranspiration (ET) performance
and soil moisture storage behavior between storm events.

ET quantifies the loss of water to the atmosphere through the combined processes of evaporation
(from soil and plant surfaces) and transpiration (from plant tissues) (Shuttleworth, 2008).
A summary of green roof ET studies is shown in Table 3.1. Several methods have been used to
estimate ET, for example, the soil water balance, the lysimeter method, the energy balance, and
chamber studies. Each of these methods has specific advantages and disadvantages; in this paper,
the soil water balance and the energy balance methods were used.
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•

A shorter version of this Chapter is submitted to the Journal of Hydrology.

Table 3.1. Previously reported ET measurement from green roofs.
Author

Location

Setup
type

Study period Growth
medium
depth
(cm)

Irrig
ated

Measurement
method

ET (mm day-1)

Berretta et al.
(2014)

Sheffield,
UK

Fullscale

4/2010 9/2013

8

No

Soil water
balance method

Stefferud (2016)

Trondheim,
Norway
Bronx, NY,
USA
Durham, NH,
USA

Fullscale
Testbox
Testbox

8/20154/2016
6/20096/2010
8/200911/30/2009

5

No

10

No

10

No

Soil water
balance method
Weighing
lysimeter
Weighing
lysimeter

HLS: 1.83 (warmer period),
0.76 (cooler period)
SCS: 1.44 (warmer period),
0.81 (cooler period)
LECA: 1.39 (warmer period),
0.79 (cooler period)
0.6 (spring), 1 (summer)

Salt Lake
City, UT,
USA
University
Park, PA,
USA
Phila, PA,
USA

Testbox

Calendar
year 2014

30.5-45.7

Yes

Weighing
lysimeter

Greenhouse

2000-2003

10

Yes

Weighing
lysimeter

Testbox

10

No

Weighing
lysimeter

2.9 (annual average)

Sheffield,
UK
Auckland,
New Zealand

Lab
setup
Greenhouse

8

No

7

Yes

Weighing
lysimeter
Weighing
lysimeter

Amsterdam,
Netherlands
W118,
Manhattan,
NY, USA
USPS,
Manhattan,
NY, USA
Melbourne,
Australia
Vicenza,
Italy

Testbox
Fullscale

AprilNovember
of 2009 and
2010
4/7/20118/25/2011
4/28-5/26;
6/17-7/25
(2008)
4/2017 –
8/2017
7/200912/2009

4

Yes

0.6-1 (spring), 0.7-1.25
(summer)
1.9-2.2 (unstressed water
condition); 0.2-2.1 (stressed
water condition)
3 (summer), 4 (spring)

3.2

No

Fullscale

4/201210/2013

10

Testbox
Fullscale

10/20112/2012
Summer of
2002 and
2003; winter
of 2004

1.5

Yes

20

No

DiGiovanni et
al. (2013)
Sherrard and
Jacobs (2011)
Feng et al.
(2018)
Berghage et al.
(2007)
Wadzuk et al.
(2013)

Poë et al. (2015)
Voyde et al.
(2010)
Cirkel et al.
(2018)
Marasco et al.
(2014)

Coutts et al.
(2013)
Lazzarin et al.
(2005)

Weighing
lysimeter
Dynamic
chamber

1.92 (annual average)
1.24 (Aug), 0.91 (Sep), 0.75
(Oct), 0.52 (Nov)
Annual average: 2.01 (nonvegetated), 2.52 (sedum),
2.69 (grass covered)
1.9 (2 days after saturation),
0.4 (10 days after saturation)

4.8 (7/2009);
0.24 (12/2009)
4.9 (7/2012)
0.72 (12/2012)

Closedchamber
computed as a
residual term in
the energy
balance

0.7-7.8 (four clear sunny
days)
0.69-6.9 with an average
value of 1.6

*HLS is Heather with Lavender Substrate; SCS is Sedum Carpet Substrate; LECA is
Lightweight Expanded Clay Aggregate.
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The overall goal of this study is to quantify the ET performance of a large extensive green roof
over two-year period. There are four specific objectives: (1) to quantify ET on the 0.56 ha
Onondaga County Convention Center (“OnCenter”) green roof in Syracuse, NY using the soil
water balance method; (2) to evaluate the dominant factors that affect ET behaviors in waterlimited and non-water limited time periods; (3) to use estimates of ET from the soil water
balance method to assess the utility of several models for estimating ET on the OnCenter green
roof;’pk and (4) to modify existing models to arrive at a set of models that can be used when
only limited input data are available to estimate ET on other green roofs in this region. The study
results are expected to improve our understanding of ET behaviors and improve ET modeling for
green roofs in Northeastern US and elsewhere.

3.2 Methods
3.2.1 Study Site and Instrumentations
This study extends work on the thermal properties of the OnCenter green roof (Squier and
Davidson, 2016) to consider water storage and ET. The experimental period is 05/01/2015 to
12/31/2017 excluding times of snow and covers a range of weather and seasonal variation. Soil
moisture sensors (CS616 Water Content Reflectometers, Campbell Scientific) were installed at
four locations in the growth medium at roughly the midpoint of the depth. An LI200X
pyranometer (Campbell Scientific) with silicon photovoltaic detector was deployed to provide
global solar radiation measurements. Temperature sensors (Model 109 Temperature Probe,
Campbell Scientific) were installed in different roof layers from the growth medium down to the
steel deck to provide profiles at five locations (Squier and Davidson, 2016; Yang and Davidson,
2018). Ambient temperature and relative humidity were recorded using a Vaisala
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Temperature/RH probe (HMP155A, Campbell Scientific). An RM Young model 03-102 cup
anemometer/wind vane assembly was applied to measure wind speed and wind direction. The
overall thermal conductivity was measured using a Decagon KD2 Pro Thermal Properties
Analyzer.

3.2.2 ET Estimates
It is important to define two terms before discussing the ET measurement methods, namely the
“actual ET” or ETa, and the “potential ET” or ETo. Actual ET is defined as the measured amount
of water that leaves a surface due to climatological demand and soil water availability, and is a
combination of surface, subsurface, plant, and meteorological conditions (Wadzuk et al., 2013).

Potential ET is defined as the ET from actively growing short green vegetation, completely
shading the ground and with sufficient water (Witmer and Brownson, 2011). The concept of
potential ET was developed to estimate ET from agricultural crops; when there is sufficient
water in the soil, ETa can be estimated as ETo multiplied by a crop coefficient Kc. Kc is a
function of the stomatal resistance, the ability of the roots to absorb water, and the leaf coverage
and density (Allen et al., 1998). The Penman-Monteith method is widely regarded as the
standard method for calculating ETo (Jensen et al., 1990; Penman, 2008). The American Society
of Civil Engineers (ASCE) has introduced a revised Penman-Monteith model to calculate ET for
short time periods. This revision adds the aerodynamic resistance and surface resistance factors
(Stewart and Howell, 2003). But the method requires numerous meteorological measurements
including solar radiation, air temperature, relative humidity, wind speed, soil heat flux, and water
vapor pressure in hourly or daily time steps. Those data are not always available. As a result,
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various simplified models that require less weather parameter input have been developed, such as
the following methods: Blaney-Criddle (1959), Priestley-Taylor (1972), Turc (1961), Hargreaves
(1975), and Makkink (1957). Gao et al. (2017) reported that the Turc method was the best of
several models in a cold humid climate, while the Hargreaves equation performed best under a
semi-arid condition. The various methods of determining potential ET are summarized in Table
3.2.

Category

Penman

Name

Table 3.2. Potential ET estimate models.
Equation

ASCE
standardized
PenmanMonteith model
(1998)
Schendel (1967)
Turc (1961)

𝐸𝑇𝑜 =

0.408Δ(𝑅𝑛 −𝐺)+ 𝛾(

Eq.

𝐶𝑛
)𝑢 (𝑒 −𝑒𝑎 )
𝑇𝑚𝑒𝑎𝑛+273 2 𝑠

3.1

Δ+𝛾(1+𝐶𝑑 𝑢2 )

Cn = 900 °C mm s3 Mg-1 d-1; 𝐶𝑑 = 0.34 s m−1 for
reference crop with height of 0.12 m, a fixed
surface resistance of 70 s m-1, and an albedo of
0.23
𝑇𝑚𝑒𝑎𝑛
𝐸𝑇𝑜 = 16
𝑅𝐻
𝑇𝑚𝑒𝑎𝑛
𝐸𝑇𝑜 = 𝑎 𝑇
(𝑅𝑠 + 𝑏) (RH ≥50%)
+15

3.2
3.3

𝑚𝑒𝑎𝑛

𝐸𝑇𝑜 = (1 +

Simplified

Valiantzas
(2013)

70

)𝑎

𝑇𝑚𝑒𝑎𝑛
𝑇𝑚𝑒𝑎𝑛 +15

(𝑅𝑠 + 𝑏) (RH

≤50%)
a = 0.31 (m2MJ-1 mm-1), b = 2.094 (MJ m-2day-1)
𝐸𝑇𝑜 = 0.00668𝑅𝑎 ((𝑇𝑚𝑒𝑎𝑛 + 9.5)(𝑇𝑚𝑎𝑥
− 𝑇𝑚𝑖𝑛 ))

0.5

3.4

− 0.06

∗ ((𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛 ) − 0.024

combined
method

50−𝑅𝐻

1 − 𝑅𝐻
)
100
− 0.00455 ∗ 𝑅𝑎 ∗ (𝑇𝑚𝑎𝑥 − 𝑇𝑑𝑒𝑤 )0.5
+ 0.0984 ∗ (𝑇𝑚𝑒𝑎𝑛 + 17) ∗ (1.03
+ 0.00055 ∗ (𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛 )2
− 𝑅𝐻/100)
The dew temperature (𝑇𝑑𝑒𝑤 ) was estimated by
Allen et al. (1998)
3.5
116.91 + 237.3ln (𝑒𝑎 )
𝑇𝑑𝑒𝑤 =
16.78 − 𝑙𝑛(𝑒𝑎 )
∗ (𝑇𝑚𝑒𝑎𝑛 + 20) ∗
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Table 3.2 (continued)
Category
Name
Blaney-Criddle
(1959)

Equation

Eq.

𝐸𝑇𝑜 = 𝑝(0.46𝑇𝑚𝑒𝑎𝑛 + 8)
𝑝 = fraction of daylight hours

3.6

𝐸𝑇𝑜 = 0.0135 × 0.408𝑅𝑎 × (𝑇𝑚𝑒𝑎𝑛 + 17.8)

3.7

𝐸𝑇𝑜 = 0.0135 × 𝐾𝑅𝑠 × 0.408𝑅𝑎
× (𝑇𝑚𝑒𝑎𝑛 + 17.8)
× (𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛 )0.5
𝐾𝑅𝑠 = 0.17 for Salt Lake City
Δ 𝑅𝑛 − 𝐺
𝐸𝑇𝑜 = 1.26 ∗
Δ+𝛾 𝜆

3.8

TemperatureOriginal
based method Hargreaves
(1975)
Hargreaves and
Samani (1985)

Priestley-Taylor
(1972)
Radiation-

Makkink (1957)

𝐸𝑇𝑜 = 0.61 ∗

based model

Masstransferbased model

Makkink (1967)
modeified
Hansen (1984)
Dalton (1802)

𝐸𝑇𝑜 = 0.7 ∗

Δ 𝑅𝑠
− 0.12
Δ+𝛾 𝜆

Δ 𝑅𝑠
Δ+𝛾 𝜆

3.9

3.10

3.11

𝐸𝑇𝑜 = (0.3648 + 0.07223𝑢2 )(𝑒𝑠 − 𝑒𝑎 )

3.12

Trabert (1896)

𝐸𝑇𝑜 = 3.075√𝑢2 (𝑒𝑠 − 𝑒𝑎 )

3.13

Mahringer
(1970)

𝐸𝑇𝑜 = 0.15072√3.6𝑢2 (𝑒𝑠 − 𝑒𝑎 )

3.14

Note: ETo is potential evapotranspiration (mm d-1); Δ is the slope of the saturation water vapor
pressure−temperature curve (kPa ℃−1); Rn is the calculated net radiation (MJ m−2 d−1); G is the
soil heat flux density at the soil surface (MJ m−2 d−1); γ is the psychrometric constant with a
value of 0.06642 kPa ℃−1 for the elevation of Syracuse (Allen et al., 1998); Tmean is the mean
daily air temperature at 1.5 to 2.5 m height (℃); 𝑢2 is the mean daily wind speed at 2 m height
(m s−1); 𝑒𝑠 is the mean saturation water vapor pressure (kPa); 𝑒𝑎 is the actual water vapor
pressure (kPa); and RH is relative humidity in %. Ra is extraterrestrial radiation (MJ m-2 d-1). Rs
is the solar radiation (MJ m−2 d−1); 𝜆 is the latent heat of vaporization in MJ kg-1 ( 𝜆 = 2.45 at a
temperature of 20℃). The constant 0.408 in Eq. 3.1, 3.7, and 3.8 has units of kg MJ-1 and is the
inverse of latent heat of vaporization. The temperatures denoted by Tmean, Tmin, Tmax, and Tdew are
in degrees Celsius. All variables necessary for computing the potential ET are determined by
direct measurements and computation according to the ASCE-specified daily Penman-Monteith
methodology (Allen et al., 1998).
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Under water-limiting conditions, in addition to the crop coefficient, ETa must be corrected for
soil water content:
𝐸𝑇𝑎 = 𝐾𝑐 × 𝑆𝑜𝑖𝑙 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 × 𝐸𝑇𝑜

Eq.3.15

Several models estimate water availability in the soil, for example, soil moisture extraction
functions (SMEFs) (Stovin et al., 2013), Thornthwaite-Mather Equation (T-M) (Steenhuis and
Van Der Molen, 1986), and antecedent precipitation index (API) (Priestley, 1972). The SMEFs
and T-M model incorporate data on soil moisture (Eq.3.16-Eq.3.17). The crop coefficient (Kc) is
back-calculated given the computed ETo and the measured ETa by using the method of least
squares. This coefficient accounts for the specificity of green roof sedum plants.
𝐸𝑇𝑎−𝑆𝑀𝐸𝐹 = 𝐾𝑐 ×
𝐸𝑇𝑎−𝑇𝑀 = 𝐾𝑐 ×

𝜃𝑡
𝜃𝑓𝑐

× 𝐸𝑇𝑜

𝜃𝑡 −𝜃𝑤𝑝
𝜃𝑓𝑐 −𝜃𝑤𝑝

× 𝐸𝑇𝑜

Eq.3.16
Eq.3.17

where 𝜃𝑡 is the actual soil moisture, 𝜃𝑓𝑐 is the field capacity, 𝜃𝑤𝑝 is the wilting point of the
growth medium.

In the absence of soil moisture data, the API model can use precipitation data (Eq.3.18-Eq.3.21).
The API model is a modification of the Priestley-Taylor equation. This model predicts ETa
incorporating a function of precipitation over the previous 28 days to account for variations in
soil water content (Ali and Mawdsley, 1987).
Δ
(𝑅𝑛 − 𝐺)) × 𝐾𝑐
Δ+𝛾

𝐸𝑇𝑎−𝐴𝑃𝐼 = 0.35𝛼 × (

Eq.3.18

𝛼 = 0.123(𝐴𝑃𝐼 ) − 0.0029(𝐴𝑃𝐼 )2 − 0.0000056(𝐴𝑃𝐼)3 , for API ≤ 20

Eq.3.19

𝛼 = 1.26, for API > 20

Eq.3.20

(𝑡−1)
𝐴𝑃𝐼(𝑑 ) = 𝑃(𝑑−1) + 𝐾𝑃(𝑑−2) + 𝐾 2 𝑃(𝑑−3) +. . . +𝐾 27 𝑃(𝑑−28) = ∑28
𝑃(𝑑−𝑡)
𝑡=1 𝐾

Eq.3.21
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where API(d) is the API value corresponding to day d, and P(d-t) is the precipitation depth in mm
for the day that is t days prior to d. API (mm d-1) is defined with K set to 0.9 for all values of t
from 1 day to 28 days before present (Kohler and Linsley, 1951).

3.2.3 ET Measurement - Soil Water Balance Method
The ASCE Hydrology handbook describes the general soil water balance as follows:
∆𝜃 ∗ 𝑧 = 𝑃 − 𝑅 − 𝐸𝑇𝑎 − 𝐷𝑃 + 𝐺𝑊

Eq.3.22

where ∆𝜃 is the change of soil moisture content (m3 water /m3 soil plus water), z is the depth of
soil, P is precipitation, R is runoff, ETa is the actual evapotranspiration, DP is deep percolation
losses, and GW is the movement of ground water into the soil. Each variable on the right side of
Equation 3.22 has the unit of mm.

Using this method, ET can be evaluated through daily change in soil moisture. For a green roof,
DP and GW are 0. Eq.3.22 is applied on days when P=0 and R=0. The water balance equation
can be simplified to Eq.3.23 below. The change in soil moisture content is quantified for each
day (𝜃0 − 𝜃23 ), where 𝜃0 is the hourly average value (12:00 AM-1:00 AM) at midnight
beginning the day and 𝜃23 is the hourly average value (11:00 PM to 12:00 AM) at the end of the
day. The daily actual ET is calculated by:
𝐸𝑇𝑎 = −(𝜃23 − 𝜃0 ) ∗ 𝑧

Eq.3.23

If a rainfall event is longer than one day, calculated ETa can be negative due to the detention
performance of the green roof, hence ETa was set to zero on such days.
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3.2.4 Energy Balance Method
ET, as the latent heat flux, can be calculated from the energy equation (Eq. 3.24)
𝑄𝑙𝑎𝑡𝑒𝑛𝑡 = 𝑅𝑠𝑤 + 𝑅𝑙𝑤 − 𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 − 𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛

Eq.3.24

where all terms have units of W m-2, 𝑅𝑠𝑤 is net shortwave radiation, 𝑅𝑙𝑤 is net longwave
radiation, 𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 is sensible heat flux between the atmosphere and the soil surface on the roof,
and 𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 is conductive heat flux between the soil surface on the roof and the interior of
the building. Sensible heat flux can be calculated from Eq.3.25-3.26. 𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 can be
determined from the difference in temperature between the roof 𝑇𝑟𝑜𝑜𝑓 and ceiling 𝑇𝑐𝑒𝑖𝑙𝑖𝑛𝑔 (Gaffin
et al., 2010) (Eq. 3.27). 𝑇𝑟𝑜𝑜𝑓 refers to the temperature of the growth medium.
𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 = 6.6 𝑢2 0.8 (𝑇𝑟𝑜𝑜𝑓 − 𝑇𝑎𝑖𝑟 ) when 𝑢2 > 1.75 𝑚/𝑠

Eq.3.25

𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 = 10.3(𝑇𝑟𝑜𝑜𝑓 − 𝑇𝑎𝑖𝑟 ) when 𝑢2 ≤ 1.75 𝑚/𝑠

Eq.3.26

𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝜅(𝑇𝑟𝑜𝑜𝑓 − 𝑇𝑐𝑒𝑖𝑙𝑖𝑛𝑔 )

Eq.3.27

where 𝑢2 is the wind speed at 2 m above the roof (m/s) and 𝜅 is the thermal conductivity of the
overall roof with a value of 0.36 W m-1K-1. 𝑇𝑟𝑜𝑜𝑓 , 𝑇𝑎𝑖𝑟 , and 𝑇𝑐𝑒𝑖𝑙𝑖𝑛𝑔 have been measured directly
using the Campbell temperature probes described earlier. Since total radiation data are not
available, the method of Allen et al., (1998) was used to estimate Rlw.

After 𝑄𝑙𝑎𝑡𝑒𝑛𝑡 is determined, the ET value can be calculated from Eq.3.28 (Henderson-Sellers,
1984):
𝐸𝑇𝑎 =

𝑄𝑙𝑎𝑡𝑒𝑛𝑡
𝜆

=

𝑄𝑙𝑎𝑡𝑒𝑛𝑡
1918.46(

𝑇𝑎𝑖𝑟
)2
𝑇𝑎𝑖𝑟−33.91𝐾

where 𝜆 is the latent heat of vaporization (kJ kg-1), 𝑇𝑎𝑖𝑟 is in degrees Kelvin.
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Eq.3.28

3.2.5 Statistical methods
All the statistical analyses were conducted in the open-end software “R”. Partial least squares
(PLS) analysis was applied to determine the influence of chosen environmental variables on the
ET rates on a daily basis. This method is appropriate when the factors are many and collinear.
The variable importance in projection (VIP) scores of each variable were used to present the
influence of each variable in the PLS model. The method gives a measurable value to select the
independent variable that contributes most to the dependent variable’s variance (Y. Feng et al.,
2018). In general, variables with VIP <0.8 are less influential, while variables with VIP>1 are
highly influential.

Correlation-based measures are inappropriate due to the effects of extreme values. Instead, the
index of agreement (D), Nash-Sutcliffe efficiency (NSE), percent bias (PBIAS), and root mean
square error (RMSE) are applied to evaluate the performance of simplified reference
evapotranspiration models (Legates and McCabe Jr, 1999). R-squared is still presented as a
common indicator of model performance. The modified index of agreement is a standardized
measure of the degree of model prediction error and varies between 0 and 1 (Willmott, 1981).
NSE indicates how well the plot of observed versus modelled data fits the 1:1 line. PBIAS
measures the tendency of the modeled values to be larger or smaller than the observed values,
and the optimal value is 0. RMSE gives the standard deviation of the model prediction error.
Criteria for satisfactory performance are RMSE<0.5, PBIAS<12% (positive or negative),
NSE>0.6, D>0.85, and R2>0.6. Oi is the ET observed by the soil water balance method, Ci is the
ETa calculated by ET estimates, n is the number of calculated values, and 𝑂̅ is average measured
ET. In addition, the pair-wise comparisons are made using linear regression.
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2
∑𝑛
𝑖=1(𝐶𝑖 −𝑂𝑖 )
]
̅
̅ 2
𝑖=1(|𝐶𝑖 −𝑂 |+|𝑂𝑖 −𝑂|)

𝐷 = 1.0 − [∑𝑛
𝑁𝑆𝐸 = 1.0 −
𝑃𝐵𝐼𝐴𝑆 =

2
∑𝑛
𝑖=1 (𝐶𝑖 −𝑂𝑖 )
𝑛
2
∑𝑖=1(𝑂𝑖 −𝑂̅ )

100 ∑𝑛
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Eq.3.31

∑𝑛
𝑖=1 𝑂𝑖

𝑅𝑀𝑆𝐸 = √𝑛−1 ∑𝑛𝑖=1 (𝐶𝑖 − 𝑂𝑖 )2

Eq.3.32

3.3 Results and Discussion
3.3.1 Weather Condition and ET Measurement Results
Meteorological conditions in the study years of 2015, 2016, and 2017 varied greatly as shown in
Fig. 3.1. The total precipitation depth in these three years were 640 mm, 400 mm, and 703 mm,
respectively. The average monthly relative humidity ranged from 57% to 75% and roughly
followed the change of the precipitation. No clear pattern of monthly windspeed was observed
during the study period. An annual minimum in windspeed was seen in September.

The daily ET rates ranged from 0 to 5.4 mm with a mean value of 0.76 mm. The average daily
ET rates in 2015, 2016, and 2017 were 0.7 mm (SD = 0.7 mm), 0.6 mm (SD = 0.7 mm), and 1.0
mm (SD = 1.0 mm), respectively. The measured values are within the range of ET reported from
green roofs in the literature (Table 3.2). Both Berretta et al. (2014) and Stefferud (2016) applied
the soil water balance method to measure ET and reported daily ET rates of 1.39 mm (LECA)
and 1 mm for a warm period, respectively, and 0.79 mm (LECA) and 0.6 mm for a cool period,
respectively. The results for HLC and SCS are similar to those for LECA (Berretta et al., 2014).
The ET rates reported here tend to be smaller than those in studies with irrigation that use a
lysimeter. For example, Wadzuk et al. (2013) reported an annual average daily rate of 2.9 mm in
Philadelphia. They explained the high ET rates by the lack of a drain under the lysimeter.
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Variations of ET rates among studies can be explained by the differences in climate, roof
configuration (soil moisture capacity, plant coverage, etc.), irrigation practices, and measurement
methods.

Higher ET rates are expected in summer because of larger storm events, warmer temperature,
and higher solar radiation. For example, Digiovanni et al. (2013) and Marasco et al. (2014)
reported higher ET rates in summer than in winter in New York City. Jim and Tsang (2011)
found the transpiration rate on sunny days in Hong Kong were highest in autumn and lowest
spring. The high values in autumn were explained by the end of the monsoon with warm, dry
weather and sufficient photosynthetically active radiation. In contrast, the ET rates in Syracuse
were highly variable from month to month and year to year, without a consistent seasonal trend.
This is mainly due to the variability in timing, intensity, and total amount of rain occurring
during the 3-year study period. Furthermore, the study in Syracuse is confined to months of the
year with rain only; months with any snowfall are excluded.
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Figure 3.1. Monthly precipitation solar radiation, and ET from 5/1/2015 to 11/30/2017.

3.3.2 Factors Affecting the ET Process
Three variables were believed to have an important influence on the ET process according to the
PLS analysis (Fig. 3.2). For the three-year study period, the VIP scores for initial soil moisture
content, solar radiation, and maximum relative humidity were 4.9, 2.0, and 1.5, respectively; no
other variables were above the threshold value of 0.8. Multiple regression analysis shows the
initial soil moisture content explains 55% of the variability in ET consistent with the PLS
analysis. Because soil moisture is so important, water-limiting and non-water-limiting periods
were separated by the threshold of initial soil moisture exceeding the field capacity (0.14 for the
OnCenter green roof growth medium), as was proposed by Crago and Brutsaert (1992). During a
large rain event, water saturates the soil, and then the water will drain until the moisture content
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decreases to the field capacity. When the water content is above the field capacity, there is no
stress for plants to take water. For these conditions, the five factors that influence ET, in order of
importance, were minimum, mean, and maximum air temperature, solar radiation, and water
vapor deficit. For the water-limiting period, the five factors in order of importance were solar
radiation, water vapor deficit, minimum and mean relative humidity, and minimum air
temperature.

The initial soil moisture content was determined to be the most important factor controlling ET,
followed by the solar radiation. When water content was above the field capacity, air temperature
became the most influential variable. This selective importance of air temperature comes from
the fact the higher air temperature leads to an increase in stomatal conductance and increases
evaporation (Urban et al., 2017). When water content is below the field capacity, solar radiation
controls ET, as higher energy was needed to break the bonds that act to retain water in the soil
(Stovin et al., 2015). Water vapor deficit and minimum relative humidity were important in dry
conditions; such conditions could promote enhanced ET from the plant leaf surface or soil into
the air by diffusion and convection. These observations are in line with Lazzarin et al. (2005)
who suggested that evapotranspiration was driven entirely by the water vapor deficit in the air in
winter. Wind speed did not play a major role in augmenting ET rates in either water-limiting or
non-water-limiting scenarios, which is consistent with the observation of Jim and Tsang (2011).
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Figure 3.2. Variable importance in projection (VIP) plots for partial least squares analysis (PLS).
The red line is the threshold value of 0.8 defining influential variables.

3.3.3 Daily ET Rates
Given that the amount of water in the soil governs the ET process, the ET rates immediately after
a storm event should be high and then gradually decrease. This decline can be explained by a
combination of short-rooted vegetation as well as highly porous growth medium which enables
rapid drainage. The change in daily ET rates after storm events during the study period compared
with the rainfall hydrograph are shown in Figure 3.3. The data show consistent behavior with an
almost linear downward trend of ET observed after many events. In general, the ET rate is the
highest one day after the event and continuously decreases from that value. For example, ET on
7/2/2017 was 5.4 mm/day when the initial soil moisture was 0.21. The next day, the ET rate
decreased to 2.6 mm/day while the initial soil moisture decreased to 0.14. This pattern suggests
that ET is an effective soil storage recovery mechanism after a rain event. In addition, the
relationship between the change of ET and soil moisture availability indicates that it is necessary
to include soil moisture terms when modeling ET.
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Figure 3.3. Daily precipitation and ET depth from 5/1/2015 to 11/30/2017. Tick marks on the xaxis indicate the first day of each month.

3.3.4 ET Estimates from the Energy Balance Model
Monthly average heat flux was calculated, including upward latent heat flux, downward net
radiation, upward conductive heat, and upward sensible heat. Note that heat flux is defined as
positive in the downward direction (Figure 3.4). Conductive heat flux was generally minimal,
becoming negative in October and November, when the roof temperature was lower than the
ceiling temperature. Net radiation peaked in June and July with a monthly average of 140 W m-2.
Sensible heat peaked in May and followed a downward trend in the subsequent months. Negative
sensible heat flux was observed in October and November when the roof temperature was higher
than the air temperature. Average latent heat followed a similar decreasing trend after a peak in
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May. The similar temporal pattern of sensible heat flux and latent heat flux confirms that
applying Bowen’s Ratio (β=Qsensible/Qlatent) is sufficient for predicting latent heat from
sensible heat on a green roof (Heusinger and Weber, 2017). For the warm months (May, June,
July, and August), the average β was 0.2 in 2015 and 2017. For late June and early July 2016,
when a drought occurred, the average β increased to 0.3. The calculated coefficient satisfies the
expectation that green roofs ideally should have β similar to rural sites (β<1) in order to reduce
urban warming. Martens et al. (2008) suggested β should be between 0.12 and 0.35 in models for
non-irrigated extensive green roofs. The calculated values of β here are consistent with their
suggestion. The energy balance model does not consider advection, water limitation, and
increased surface resistance during drought.

Figure 3.4. Energy Flux monthly average (mean daily value for each month).

3.3.5 Actual ET (ETa) Estimates Comparison
Simulated results from fourteen potential ET estimation methods have been tested against the
measured ETa rates using the soil water balance method on the OnCenter green roof. Most
methods overestimated the ET for the green roof as expected, since they did not account for
water availability. To address water stress conditions, the SMEF, Thornthwaite-Mather, and API
methods were applied. In the final step, a system-specific crop coefficient (Kc) was developed
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for each potential ET method using a least-squares linear regression of daily measured ET
results.

The ETa model performance statistics are summarized in Table 3.3. The table presents values of
the five statistical performance criteria for each model, with those values satisfying the criteria
shown in bold. Overall, applying SMEF produced better ETa simulations compared to the
Thornthwaite-Mather equation. This may be because the T-M method is highly sensitive to the
input parameter of the wilting point, which is difficult to measure accurately (DiGiovanni et al.,
2013). Feng et al. (2018) compared the simulated ETa to lysimeter measured data and found that
the T-M model had the lowest R2. So no further analysis of the T-M model is presented. The API
model significantly underestimated ETa values.

By applying SMEF and Kc, five satisfactory potential ET models were the energy balance, the
ASCE Penman-Monteith, the Blaney-Criddle, the Priestley-Taylor, and the 1957 Makkink model
(Fig. 3.5). The results of the 1967 Makkink model were very similar to the 1957 model and thus
were not shown. All five models showed results in rough agreement with the measured ET rates.
However, none of the models successfully predicted ET rates greater than 4 mm/day.

The energy balance model achieved the best fit among the five satisfactory models. Using the
energy balance model requires onsite monitored data including net radiation, sensible heat flux
between the atmosphere and the soil surface on the roof, and conductive heat flux between the
soil surface on the roof and the interior of the building. Those data are not commonly available
for green roofs.
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The performances of the other four models were all similar. The Blaney-Criddle model is a
temperature-based potential ET method, which only requires monthly mean temperature and
daily percentage of annual daytime hours. The Priestley-Taylor and the 1957 Makkink are
radiation-based models, and they require inputs such as net solar radiation, heat flux density at
the soil surface, and the slope of the saturation water vapor pressure-temperature curve. With less
inputs and a less tedious computational process, the Blaney-Criddle, Priestley-Taylor, and 1957
Makkink models may be applied to replace the ASCE Penman-Monteith model for estimating
the ET of green roofs. This finding is consistent with Marasco et al. (2015), who used
Hargreaves, Priestley-Taylor, Penman, and ASCE Penman-Monteith models to simulate ETa for
two green roofs in NYC. Their results showed the Priestley-Taylor equation had the best
agreement with dynamic chamber ET measurements. Based on input data availability and the
results in Table 3.3, it is proposed that the best approaches to estimate ETa for the OnCenter
green roof are the Blaney-Criddle and Priestley-Taylor models coupled with SMEF. Crop
coefficients Kc determined for the two models were 0.47 and 0.54 for the non-irrigated OnCenter
green roof, respectively.

The sedum Kc found by this study is consistent with the values determined by other studies. A
value of 0.64 was reported for a green roof test bed with Sedum Carpet Substrate (SCS) in
Sheffield, UK using data from the soil water balance method (Berretta, et al., 2014). Under the
same conditions, Kc for Lightweight Expanded Clay Aggregate with sedum was 1.36. A value of
0.53 was given for the sedum canopy in New Hampshire using data from a weighing lysimeter
(Sherrard and Jacobs, 2011). The crop coefficient was around 0.5 for a well-watered condition
and 0.3 for a stressed-water condition in Vicenza, Italy using the energy balance method
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(Lazzarin et al., 2005). The crop coefficient was 0.59 for sedum on an irrigated green roof in Salt
Lake City, an arid area (Feng et al., 2018). A range of Kc values of 0.98 to 1.04 was determined
for the Priestley-Taylor and ASCE Penman-Monteith models for two green roofs in New York
using data from a dynamic chamber (Marasco et al., 2014). A range of 1.0-1.7 for sedums was
obtained from a green roof in Philadelphia using a lysimeter (Wadzuk et al., 2013).

Table 3.3. Crop coefficient Kc and statistical performance measures of the actual ET estimates.
The simulations with satisfactory performance are shown in bold. Criteria for satisfactory
performance are RMSE<0.5, PBIAS<12% (positive or negative), NSE>0.6, D>0.85, and R 2>0.6.
Kc
RMSE PBIAS %
NSE
D
R2
ASCE. PM
0.45
0.46
9.8
0.66
0.88 0.69
Adjusted Hargreaves Samani
0.58
0.55
2.1
0.53
0.82 0.53
Hargreaves and Samani
0.63
0.72
5.5
0.6
0.85 0.61
Schendel
0.65
0.77
-23.2
0.07
0.59 0.18
Mahringer
4.25
0.53
6.6
0.54
0.81 0.55
Blaney-Criddle
0.47
0.47
11.8
0.66
0.87
0.7
Priestley-Taylor
0.54
0.46
1.2
0.64
0.88 0.64
SMEF
Turc
0.82
0.55
0.3
0.52
0.82 0.52
1957 makkink
0.64
0.48
4.9
0.64
0.87 0.65
1967 makkink
0.54
0.47
6.3
0.65
0.88 0.66
Valiantzas
0.50
0.49
8.9
0.63
0.86 0.65
Energy balance
0.38
0.43
6.3
0.71
0.9
0.71
Dalton
32.90
0.6
-1.3
0.44
0.77 0.44
Trabert
0.39
0.53
6.6
0.54
0.81 0.55
ASCE.PM
0.40
0.6
-9.7
0.43
0.77 0.44
Adjusted Hargreaves Samani
0.47
0.67
-23.7
0.31
0.7
0.36
Hargreaves and Samani
0.53
0.63
-17.6
0.38
0.74
0.4
Schendel
0.35
0.87
-60.8
-0.19 0.49 0.14
Mahringer
3.70
0.65
-14.6
0.35
0.71 0.37
Blaney-Criddle
0.44
0.6
-2.9
0.45
0.78 0.45
Priestley-Taylor
0.42
0.65
-27.5
0.34
0.74 0.41
T-M
Turc
0.64
0.68
-26.9
0.29
0.7
0.35
1957 Makkink
0.53
0.62
-19.1
0.39
0.75 0.42
1967 Makkink
0.45
0.62
-16.5
0.41
0.76 0.43
Valiantzas
0.44
0.61
-10
0.41
0.75 0.42
Energy Balance
0.60
0.88
57.4
-0.21 0.75 0.45
Dalton
25.14
0.71
-30.4
0.22
0.64
0.3
Trabert
0.34
0.65
-14.6
0.35
0.71 0.37
API
API
0.22
0.83
-42.7
-0.08 0.41 0.09
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Figure 3.5. Predicted ET from the five satisfactory models and the measured ET for the
OnCenter green roof for the study period. Measurements and model results are shown as
continuous lines, even though all measurements and calculations shown above are for days
without rain.

3.3.6 Model Sensitivity and Improvement
The API model underestimated ET rates significantly with poor statistics (%PIAS: 42.7,
NSE:0.08, R2:0.09). This can be explained, as the original API model was developed and tested
with barley and turf in the United Kingdom (Mawdsley and Ali, 1985), where climate
conditions, plant species, and growth medium characteristics are much different than for the
OnCenter green roof. Even in the original paper, the author found the α distribution of the turf
differed from that of barley. To enable the ETa model to better serve green roofs in northeastern
U.S, the API model was revised.
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The variables in the API formula and α function (Eq. 3.26-3.28) have been analyzed to improve
the model performance. The variables include the following: (1) the coefficient, K (0.8-0.95); (2)
antecedent precipitation (4-32 days); (3) the maximum API for α calculation (10-60); and (4) the
maximum α value. The coefficient α was determined by a new cubic regression of ETa/ETo and
the API index was determined with various K and antecedent precipitation values. The best API
model was achieved with K = 0.8, antecedent precipitation days n =12, and maximum API = 50
mm (Eq. 3.33-3.35). In the last step, a crop coefficient was fitted by least squares optimization.
(𝑡−1)
𝐴𝑃𝐼(𝑑 ) = ∑12
𝑃(𝑑−𝑡)
𝑡=1 0.8

Eq.3.33

𝛼 = 0.1143(𝐴𝑃𝐼) − 0.0052(𝐴𝑃𝐼)2 − 0.00008(𝐴𝑃𝐼)3 , for API ≤ 50

Eq.3.34

𝛼 = 2.51, for API > 50

Eq.3.35

The modified API model has a better model performance (R2=0.42), compared to the original
API (R2=0.09) (Fig. 3.6). The average monthly measured ET and the original and modified API
modeled ET rates are shown in Figure 3.7. The modified API model fitted the measured ET rates
from May to September, but it underestimated ET in October and November. To address this
problem, monthly crop coefficients were developed using the least squares optimization instead
of one single coefficient for the entire year. The modified API model with monthly Kc yielded
better estimates of the observations. The crop coefficients for October and November were
almost doubled values compared to the other months. This pattern is consistent with the
observation that the Priestley-Taylor method yielded relatively small potential ET values for
October and November compared with the other potential ET models. The results also show the
API model is sensitive to the K and n selection in the API formula, the maximum API value in
the α function, and the monthly crop coefficient.
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Figure 3.6. Scatter plot of measured ET values and modeled ET using the original API model
with a single Kc, and using the modified API model with monthly Kc values.

Figure 3.7. Monthly average measured ET results compared with three models: (1) the original
API values (ETa-API+Kc), (2) an API model with fitted α, K =0.8, n = 12, maximum API = 50,
and one unified Kc (ETa-modified API+Kc), and (3) an API model with modified α and monthly
Kc (ETa-modified API+monthly Kc).
The simplified potential ET models were sensitive to the resolution of the crop coefficient, while
the ASCE Penman-Monteith was not. One single crop coefficient has been applied to the ETa
estimate methods in the previous section. To test the sensitivity of Kc, monthly Kc values have
been developed for the five satisfactory models (Table 3.4). The crop coefficients were
consistent through the year with a slightly smaller value in November in those five models
except the Blaney-Criddle and Priestley-Taylor. For the Priestley-Taylor model, Kc values were
larger in October and November than in the other months. For the Blaney-Criddle model, the Kc
value was smaller in November. By applying monthly Kc, the statistics of the simplified models
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improved somewhat, for example, R2 of Priestley-Taylor increased from 0.64 to 0.75, and R2 of
Blaney-Criddle changed from 0.7 to 0.76. The detailed results of model performance metrics are
shown in Table 3.5. The ASCE Penman-Monteith, a physically-based model, was not sensitive
to the adjustments of crop coefficients.
Table 3.4. Monthly crop coefficients (Kc) derived from the observed and simulated data from the
OnCenter green roof from five satisfactory ETa models for the three-year study period.
Crop Coefficient (Kc)
ASCE PM
BlaneyPriestley1957
Energy
Criddle
Taylor
Makkink
balance ET
May
0.43
0.46
0.48
0.58
0.38
June
0.40
0.50
0.46
0.56
0.38
July
0.46
0.58
0.54
0.68
0.43
August
0.45
0.57
0.60
0.74
0.50
September
0.41
0.43
0.55
0.60
0.37
October
0.57
0.45
0.97
0.82
0.39
November
0.39
0.28
1.17
0.58
0.22
Table 3.5. Statistical performance of applying one single Kc and also monthly Kc values for the
five satisfactory models.
Single “all data” Kc
ASCE PM
Blaney-Criddle
Priestley-Taylor
1957 Makkink
Energy balance

Monthly Kc
2

RMSE

PBIAS %

NSE

d

R

0.46
0.47
0.48
0.48
0.43

9.8
11.8
1.2
4.9
6.3

0.66
0.66
0.64
0.64
0.71

0.88
0.87
0.88
0.87
0.9

0.69
0.7
0.64
0.65
0.71

ASCE PM
Blaney-Criddle
Priestley-Taylor
1957 Makkink
Energy balance

RMSE

PBIAS %

NSE

0.45
0.42
0.42
0.46
0.39

9.6
11.4
9.9
6.1
6.3

0.68
0.72
0.72
0.66
0.76

d

R2

0.88
0.9
0.9
0.88
0.92

0.71
0.76
0.75
0.67
0.77

3.4 Conclusion
This study aims to quantify ET performance and assess the ETa models for a green roof in the
northeastern United States from the months of May to November of the year. The daily ET rates
applying the soil water balance method ranged from 0 to 5.4 mm with a mean value of 0.76 mm
in the study period. The weather patterns in years 2015, 2016, and 2017 varied greatly. In the
summer of 2016, a drought stressed the plants on the green roof, in contrast to adequate rain in
2015 and 2017. The average daily ET rates were 0.7 mm (SD = 0.7 mm) in 2015, 0.6 mm (SD =
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0.7 mm) in 2016, and 1.0 mm (SD = 1.0 mm) in 2017. Seasonal variations in ET were not
observed in this study, because data were confined to the warmer months. Poë et al. (2015)
suggested that the influence of season upon ET rates was apparent when soil moisture was
abundant. Through the partial least squares analysis, the initial daily soil moisture content was
discovered to be the most important factor influencing ET, and the next most important factor
was solar radiation, as both govern the energy and water availability. Windspeed did not play a
major role in the process. In daily ET observation, ET rates were high after storm events and
then decreased, along with a simultaneous decrease in soil moisture availability. The change in
ET related to the available soil moisture availability indicates the importance of including soil
moisture content in the modeling procedure.

Fourteen potential ET models that are widely used for agricultural crops were applied to account
for the influence of climate on ET. Almost all potential ET estimates were higher than the
measured ET rates. The SMEF, T-M, and API models have been employed to account for soil
moisture availability in the dry periods between storms. Only the SMEF method was able to
yield satisfactory ETa results. A system-specific crop coefficient has been introduced to account
for vegetation type, climate pattern, and soil properties. The crop coefficients for the OnCenter
green roof ranged from 0.38 to 0.64, which is consistent with previous green roof studies. In the
future, a model of crop coefficients that relates to sedum productivity and weather condition is
needed to improve model accuracy. In summary, when soil moisture data are available, the
Blaney-Criddle (R2=0.76, NSE=0.72) and the Priestley-Taylor (R2=0.76, NSE=0.72) models
together with SMEF and monthly Kc values are recommended for predicting ET as they provide
satisfactory results even with limited data input requirements. When soil moisture data are not
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available, the modified API model coupled with the Priestley-Taylor model, and monthly crop
coefficients is recommended.

75

Chapter 4
EVALUATION OF THERMAL PERFORMANCE OF GREEN ROOFS VIA FIELD
MEASUREMENTS AND HYGROTHERMAL SIMULATIONS
4.1 Introduction
Buildings use a substantial fraction of the primary energy consumption in most countries
(Mentens et al., 2006). Adding green roofs to the building envelope has become a popular
strategy to mitigate the urban heat island effect, reduce energy consumption, and improve
aesthetic appeal for buildings. Green roofs normally consist of multiple layers, for example,
vegetation, growth medium, drainage, waterproof membrane, structural, and insulating layers of
the roof. Regional climate influences the type of green roof design. While green roofs have been
implemented in cities for years, the interest in installing green roofs in both retrofit and new
construction is still increasing.

There are many thermal benefits associated with the adoption of green roofs. First, both plants
and growth medium have a thermal insulation feature. A study demonstrated that only 13% solar
radiation reaching the green roof was conducted through the roof and ceiling into the building
interior beneath, while 27% was reflected, and 60% was absorbed by soil and plants
(Eumorfopoulou and Aravantinos, 1998). Second, green roofs add thermal mass to help stabilize
temperature through the roofing system, especially for the membrane. Temperature fluctuations
can create thermal stresses on the membrane, affecting long-term performance and durability
(Teemusk and Mander, 2010). Third, green roofs can mitigate heat flow through
evapotranspiration (ET). A study reported that 58% of the heat from a green roof in China lost by
ET in summer (Feng et al., 2010). Thus green roofs can stabilize the surface temperature, which
•
•
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consequently reduce temperature fluctuations in the roofing system, and reduce the heating and
cooling energy load of buildings. These benefits have been demonstrated through many field
studies (Tabares-Velasco et al., 2012; Lazzarin et al., 2005; Ayata et al., 2011; Fioretti et al.,
2010).

To assess the thermal impact of green roofs on building performance under various climate
conditions, a combined heat and moisture transfer model can be used. It is noted that models in
the literature are mostly limited to heat transfer (Djedjig et al., 2012). Sailor (2008) generated a
green roof energy balance model, “Ecoroof”, within the U.S. Department of Energy building
simulation program, EnergyPlus. Wong et al. (2003) applied the DOE-2 simulation program to
compare the thermal performance of various plants on green roofs. However, the model was not
validated with experimental results. To demonstrate the importance of including moisture in
thermal modeling, Ouldboukhitine et al. (2012) developed a thermodynamic model for green
roof temperature, finding that the average modeling error decreased from 2.9℃ to 0.8℃ when a
water balance was included. A few mathematical models have been developed for green roofs;
however, they are not user-friendly (Djedjig et al., 2012). To address this concern, a new
modeling platform is presented to simulate the green roof performance in this study, the
combined heat, air, moisture and pollutant simulation of building envelope systems (CHAMPSBES) model. This model accounts for radiative, conductive, and convective heat transfer,
evapotranspiration, and moisture effects. CHAMPS offers a user-friendly interface enabling
users to add green roof layers to any building construction.
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In this study, the thermal performance of a large extensive green roof was simulated using
CHAMPS in both warm and cold periods. After the experimental validation, the model was
applied to illustrate the thermal benefits of adding a green roof as a retrofit to a traditional roof.
Next, the impact of a thick layer of snowpack on the green roof was analyzed. Further, the
importance of including water balance terms and the albedo effect in model simulation was
discussed. The results show that CHAMPS can be used by engineers and planners to assess the
benefits of a green roof through consideration of thermal mass, passive cooling, membrane
protection, and energy savings, especially for a retrofit decision to an existing building.

4.2 Methods
4.2.1 Experimental Campaign
The green roof is located on the Onondaga County Convention Center (OnCenter) in Syracuse,
NY. The facility receives on average 104 cm of precipitation and 264 cm of snow (26.4 cm of
snow meltwater) per year (NOAA, 2018). Snow falls mainly between the months of November
and March. January is the coldest month with the largest amount of snowfall of 24 mm/day
(Appendix C).

The OnCenter green roof with an area of 5600 m2 was retrofitted in 2011. The building is
surrounded by a few tall buildings, mainly to the North, and as a result, there is no shading from
other buildings to the green roof surface during the day (Fig. 4.1). The green roof consists of the
following material layers from top to bottom: (1) a growth medium and vegetation layer, (2) a
drainage mat, (3) a waterproof membrane, (4) a gypsum board, (5) an extruded polystyrene
insulation layer, (6) a second gypsum board, and (7) a steel deck (Fig. 4.2). The insulation layer
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and layers below are original to the building. The main thermal properties of the layers of the
green roof are described in Appendix D.

An experimental campaign to characterize the function of the green roof commenced in 2015.
The thermal monitoring system of the green roof is equipped with CR1000 Dataloggers and AM
16/32B Multiplexers (Campbell Scientific). Temperature sensors have been installed between
several of the roof layers to provide vertical temperature profiles (Fig. 4.2). Soil moisture sensors
were positioned in the middle of the growth medium. Interior temperatures are controlled by
HVAC system. Temperature sensor (Y) was mounted on the ceiling of the exhibit hall beneath
the roof to measure the indoor temperature. A weather station was installed on the roof to record
solar radiation, relative humidity, ambient temperature, rainfall, windspeed, and wind direction.
The measured data have been collected every minute and the average reported every hour. The
thermal analysis of the green roof was conducted from November 2017 to September 2018.
Snow depth was measured once on 1/9/2018 along several east-west transects (Yang and
Davidson, 2018).

Figure 4.1. Photos of the OnCenter green roof during different seasons.
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Figure 4.2. Roof layers and instrumentation locations on the OnCenter green roof. The traditional
roof was simulated by removing the drainage mat, growth medium, and vegetation layers.

4.2.2 Description of Green Roof Components
The rate of heat transfer and water vapor transfer on green roofs depends on both meteorological
data and physical properties of the roof layers. The growth medium is coarse engineered mineral
with an average bulk density of 790 kg/m3. Laboratory results showed a 55% pore composition
and a saturated hydraulic conductivity of 0.002m/s. The effective saturation moisture content is
0.234 m3/m3. Thermal properties of the growth medium were measured using the Decagon KD2
Pro with an accuracy of ±10% (Decagon, 2006). The thermal conductivity of soil from the
OnCenter green roof increased from 0.2 to 1 W/m K as water content increased from 1% to 40%
(Fig. 4.3).
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Figure 4.3. Thermal conductivity for different water content measured in the lab.
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4.2.3 CHAMPS Simulation
The CHAMPS model simulates the combined heat and moisture transfer processes between the
atmosphere and roof layers. The model has been built upon Delphin 5, and has a user-friendly
interface. The moisture mass balance and energy balance are written as Eq. E.1-E.9 in Appendix
E. The main inputs to the CHAMPS model include the following five groups: materials (thermal
and moisture transport and storage properties of each layer), meteorological conditions (e.g.,
solar radiation, air temperature, windspeed, relative humidity, and rainfall), boundary conditions
(e.g., heat conduction, vapor diffusion, shortwave radiation, longwave radiation, and rainfall),
initial conditions (temperature, relative humidity, and soil moisture content), and field conditions
(water/energy sources).

In this study, a green roof model was first developed in CHAMPS and validated by the
monitored data from the OnCenter green roof during both warm periods (8/1/2017-8/7/2017) and
cold periods (11/1/2017-11/7/2017). For the winter simulation, only the energy balance was
applied due to the low impact of the roof water balance. For the summer simulation, both energy
balance and water balance were applied. The albedo was assumed constant and did not change
with soil moisture content during the simulation. A challenge in modeling the green roof is to
account for the effect of evapotranspiration and water transport process in the plant layer. In the
present study, we used a negative source account for such an effect. Since evapotranspiration has
a substantial impact on the heat and water transfer processes on a green roof, hourly ET values
were added as negative water sources in the model. ET was calculated using a soil moisture
extraction function (SMEF) model (Eq. 4.1) (Zhao et al., 2013). The SMEF model describes ET
as a function of the ASCE Penman-Monteith ET equation (Allen et al., 1998) multiplied by the
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ratio of moisture content (𝜃) to the field capacity (𝜃𝑓𝑐 ), and the crop coefficient (Kc = 0.45). The
crop coefficient value was obtained from the study of ET models suitability in Chapter 3 (Table
3.3).
𝜃

𝐸𝑇 = 𝐸𝑇𝐴𝑆𝐶𝐸 𝑃𝑒𝑛𝑚𝑎𝑛−𝑀𝑜𝑛𝑡𝑒𝑖𝑡ℎ × 𝜃 × 𝐾𝑐
𝑓𝑐

(Eq. 4.1)

A traditional roof model was developed by eliminating the growth medium and drainage layers
from the green roof model in CHAMPS. An albedo of 0.2 was applied for the traditional model
(Sharma et al., 2016). The output of the traditional roof is compared with experimental data from
the green roof to determine the thermal benefits of the green roof. Analysis of variance
(ANOVA) was applied to evaluate the differences between thermal performance of the
traditional roof and the green roof, as well as green roof temperature with and without snowpack.
In addition, simulations were conducted to understand the sensitivity of parameters on the energy
modeling of the green roof, including water balance and albedo.

In general, two cases were performed based on the objectives of this study.
•

To determine the impact of the green roof in warm and cold periods, CHAMPS was
applied for the case of the OnCenter traditional roof before the green roof retrofit. The
output of CHAMPS was compared with the experimental data from the green roof.

•

To determine the impact of a snowpack on the green roof, CHAMPS was applied for the
green roof without snow. The output of CHAMPS was compared with experimental data
from the green roof with a thick layer of snowpack.
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4.3 Results and Discussion
4.3.1 Summer Thermal Performance
During the week of used to simulate summer thermal characteristics of the green roof (August 18, 2017), the peak solar radiation ranged from 487 to 860 W m-2 (Fig. 4.4). Moreover, a series of
rainfall events occurred on Auguste 4, 5, and 6. The temperature profile time series within the
roofing system for this week is shown in Fig. 4.5. Diurnal temperature cycles were observed in
layers above the insulation (B, C, G). However, temperatures below the insulation (A, Y) stayed
relatively constant around 22℃, which indicates that the insulation layer contributes nearly all of
the thermal resistance of the roof. During high solar radiation periods in summer (8/1-8/3), peak
temperatures in daytime and minimum temperatures at night in layers B, C, and G were all
higher than the air temperature. When solar radiation was low, temperatures in those three layers
were closer to the air temperature. Solar radiation significantly impacts the temperature of the
roof’s upper layers.
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Figure 4.4. Solar radiation and rainfall intensity during a typical summer week (Aug 1-7, 2017).
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Figure 4.5. Temperature profile time series of the green roof during a typical summer week
(Aug.1-7, 2017).

During and after a rainfall event, the growth medium increases in saturation. A greater moisture
content not only increases the thermal conductivity, it also increases ET which increases the rate
of transfer of the thermal energy in the growth medium to latent heat, and thus decreases the
temperature of growth medium (Chapter 3). The lower temperature of the upper roof from 8/58/6 was the result of lower air temperature and lower solar radiation and ET following the rain
on 8/5. This is consistent with the finding of Feng et al. (2010) that when the soil is wet, solar
radiation accounts for 99% of total heat gain and ET accounts for 58% of total heat loss. The low
temperature of the upper roof from 8/5-8/6 was possibly caused by a combination of lower solar
radiation and higher ET rates following the rain on 8/5.

4.3.2 Winter Thermal Performance
The temperature profile time series for a typical week without snow in November (Nov. 1-8) was
similar to the summer performance (Fig. 4.6). The temperatures of layers above the extruded
polystyrene insulation (B, C, and G) followed the diurnal pattern of ambient air but with slightly
smaller diurnal variation than the temperature of ambient air. An average of two hours delay in
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peak temperature was observed based on the temperature in the growth medium (G) compared to
the ambient temperature. In contrast, the temperature profile time series for a typical week with a
thick snowpack in January (Jan. 1-8) did not show high variability in the temperature of the
growth medium (G, Fig. 4.7). The temperature of the growth medium remained around 0℃ even
when the ambient air temperature was occasionally -20℃. The impact of snow accumulation
was substantial on thermal profile of the roof. Similar findings were reported by Getter et al
(2011) and Squier and Davidson (2016).

Figure 4.6. Temperature profile time series of the green roof during a winter week in November
(no snow).

Figure 4.7. Temperature profile time series of the green roof during a winter week in January
(snow cover).
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4.3.3 Model Validation
The green roof model in CHAMPS was validated using the data of the first week of August and
the first week of November. The simulated growth medium temperature was compared with the
measured data (temperature sensor G, Fig. 4.8). Reasonable agreement between simulated and
monitored temperature of soil was observed. For November, the CHAMPS model overpredicted
the measured temperature by 17%. For August, the root mean square error (RMSE) between the
simulated and monitored data was 1.7℃. Overall, around 80% of the simulated data were within
+/- 10% of the measured values. These observed differences could be uncertainty in the certain
input, such as the albedo, or approximation of the ET values. CHAMPS does not account for the
energy of photosynthesis by the sedum, which might explain the overprediction of the
temperature. The simulated green roof model appeared to be reliable in both summer and winter
and can be used to simulate the traditional roof and the green roof.
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Figure 4.8. Comparison of simulated and measured temperatures of the growth medium on the
green roof for the first week of August (a) and the first week of November (b).
86

4.3.4 Thermal Impacts of Green Roofs in Summer
An important benefit of green roofs is the reduction of the external surface temperature in
summer, mitigating the urban heat island effect. Urban heat island mitigation represents the
ability to reduce extreme air temperatures caused by the many heat sources in an urban area
(Foustalieraki, et al., 2016). The comparison of surface temperature for the first week of August
between the green roof and the traditional roof is shown in Fig. 4.9. Although the temperatures
on these two roofs were not statistically different (ANOVA, p > 0.05), a reduction in peak
temperature was to be expected. The traditional roof had peak surface temperatures exceeding 40
and exhibited larger diurnal amplitudes than the green roof. An average of three hours delay in
peak surface temperature of the green roof was evident in simulations.

The difference in surface temperature between the traditional and green roofs is due to a
combination of albedo effect and latent heat loss. Since less incoming solar radiation is reflected
on a traditional roof, more heat energy is transformed into the roofing system, leading to higher
surface temperature. Cool roof is a strategy to decrease surface temperature of traditional roofs
by adding a highly reflective paint, sheet covering, or highly reflective tiles or shingles to
increase albedo (Coutts et al., 2013). Green roofs achieve surface temperature reduction not only
through raising the albedo, but also through shading, storing heat in the plants, and losing latent
heat through ET. The reduction of surface temperature also proves the green roof can serve as a
thermal mass, damping thermal fluctuations through the system.
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Figure 4.9. Comparison of the measured soil temperature of the green roof and simulated
temperature of a traditional roof. The measured curve is identical to the curve in Figure 5.7 a.
Another benefit of a green roof is the reduction in the temperature fluctuation of the roof
membrane, increasing its durability (She and Pang, 2010). Temperature fluctuation is the
difference between daily maximum and minimum temperature. A significant statistical
difference between the green roof and traditional roof of temperature fluctuation was indicated
(ANOVA, p = 0.0008). The membrane temperature fluctuation of a traditional roof was
simulated to be 10℃ higher than the green roof in August (Fig. 4.10). The green roof reduced
the temperature fluctuation by 48% compared to the traditional roof. For the traditional roof, the
membrane absorbs solar radiation during the day and emits heat at night.
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Figure 4.10. Temperature fluctuations at the membrane of the simulated traditional roof and
measured on the green roof in summer.
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Another benefit of a green roof is the reduction of heat flux through the roofing system,
decreasing cooling load or heating load. Heat flux through the insulation has been used to
estimate the flow of energy that enters or leaves the building. The green roof effectively
decreased the heat flow through the roofing system compared to the traditional roof (Fig. 4.11).
Further statistical analysis by ANOVA demonstrated that heat flux through the green roof and
the traditional roof were statistically different (p < 0.05). Even though the difference of overall R
values between the green and traditional roof was very small (Rgrowth medium=0.2 m2KW-1), the
heat flux was still significantly reduced mainly due to the reduction in surface temperature,
which was caused by the albedo and ET effects. Gaffin et al. (2010) found a similar reduction of
37% in heat flux values through a green roof compared to a black roof in New York City. During
dry periods in summer (8/1-8/3), CHAMPS simulations showed the traditional roof experienced
negative (downward) heat flow in the afternoon and positive (upward) heat flow in the mornings
and evenings. However, the green roof experienced negative heat flow most of the interval
during the dry period, which means the accumulated heat from the day continues to enter the
building at night. After rainfall events (8/6-8/7), positive heat flows occurred during the daytime
on the green roof, likely due to the ET effect.
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Figure 4.11. Comparison of heat flow through the insulation for the green roof and the traditional
roof during a typical summer week (Aug 1-7, 2017).
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The estimated energy demand for building cooling of the OnCenter during summer (June, July,
and August) based on the average daily heat flux is summarized in Table 4.1 when considering
only the heat flow through the roof. In this estimation, a seasonal energy efficiency ratio (SEER)
of 13 BTU/W h was assumed for the central air conditioners in the OnCenter building (DOE,
2011). An electricity price of 16 cent/kWh was used, as it was the average price in New York
State in the summer 2017 (NYSERDA, 2019). The green roof has reduced summer heat gain
around 40% compared to the traditional roof. In addition, only accounting for the heat flow
through the roofing system, the green roof is estimated to result in a total savings of $295 in
cooling costs compared to the traditional roof during summer. The difference in energy costs of
the two roofs is not dramatic, which can be explained by two reasons: low cost of electricity and
the fact that the effective extruded polystyrene insulation layer exists in both roofs. Even though
the temperature fluctuation are significant, heat flows through both green and traditional roofs
are relative small, due to the dominant thermal resistance of the insulation layer (Rinsulation=2.5
m2KW-1) (Squier and Davidson, 2016).

Table 4.1. Estimated summer energy demand and cost for 5600 m2 green roof and traditional
roof.
Average daily heat
Summer total cooling
Summer electricity
flux (W/m2)
energy (kWh)
Cost ($)
Green Roof
21
2808
449
Traditional Roof
35
4649
744

4.3.5 Thermal Impacts of Green Roofs in Winter
Simulations showed the temperature fluctuations of the membrane on the traditional roof were
far greater than those measured on the green roof in early winter (Fig. 4.12). The reduction of
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temperature fluctuation in November was close to the magnitude of reduction simulated for
August.
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Figure 4.12. Temperature fluctuations at the membrane of the simulated traditional roof and
measured on the green roof in winter.
To determine the effect of snow cover, the thermal profile of the green roof was simulated
without snow cover using early January meteorological data in CHAMPS. The membrane
temperatures with and without snowpack are shown in Fig. 4.13. The membrane temperatures of
the green roof with and without snowpack were statistically different (ANOVA, p = 0.02). Snow
accumulation plays an important role in reducing temperature fluctuations. Without snow cover,
under the same weather conditions, the membrane temperature could range from -18℃ to 0℃.
Under snow cover, the protection provided by the growth medium becomes negligible compared
with insulation associated with the snowpack. The thermal benefit of having a green roof
decreases in cold weather. Similar results have been reported in other studies. Lundholm et al.
(2014) found a positive relationship between average snow depth and average temperature of
growth medium. They also suggested that greater snow coverage tended to decrease the
differential benefits of green roofs against traditional roofs, but leaded to lower overall energy
consumption. Zhao et al. (2015) reported that the green roof could reduce the building energy
consumption for heating by 5% with a snow layer compared to a traditional roof. Without
snowpack, the green roof was able to reduce the building energy consumption by 23%.
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Figure 4.13. Temperature of the membrane for two conditions: simulated result with no snow
cover and measurements with snow cover.
4.3.6 Parametric Studies
The green roof model was simulated with and without the water balance in CHAMPS. The soil
temperature from measured and simulated results are shown in Figure 4.14. During dry weather
conditions, the performance of the coupled heat and moisture transfer model and the heat only
transfer model were similar. However, when rainfall occurs, the coupled heat and moisture
transfer model had a smaller deviation from measured temperature values than the model that
does not include moisture. Models with the water balance count for two effects: (1) the change of
soil moisture content based on rainfall, runoff, and the ET cycle, and (2) the change of thermal
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Figure 4.14. Comparison between measured and simulated (with and without water balance) soil
temperature for the green roof.
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During the roof model simulation, the albedo is a dominant parameter governing the soil
temperature output. The variability in soil temperature is greatly reduced as the albedo increases
(Fig. 4.15). Model simulations suggest that when a roof has an albedo as low as 0.1, the peak soil
temperature can reach 55℃ in August in Central New York. For a green roof, the albedo is
related to ground cover, biomass, plant types, and moisture content of the growth medium.
Blanusa et al. (2013) showed that vegetation offers a cooling effect by direct shading and
transpiration of water through stomata. In a parametric study, Theodosiou (2003) found the
foliage density was the most important parameter governing the albedo compared to other
parameters such as foliage height and soil layer thickness. Zhao et al. (2013) presented a
simulation study of various plants and growth medium types, demonstrating how both plant
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Figure 4.15. Soil temperature on the green roof for different albedo values.

4.4 Conclusion
In this study, we performed field measurements to characterize the thermal performance of a
green roof, and proposed a new approach to account for the evapotranspiration of vegetation in
modeling the hygrothermal performance of the roof using CHAMPS-BES model. The CHAMPS
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model takes into account both energy and water balances of a green roof in simulating the
thermal dynamics of a roof system. By comparing the simulated results to measured data, this
tool has demonstrated its ability to simulate heat and moisture transfer processes for a green roof.
The analyses showed that the green roof with 7.6 cm growth medium could reduce the
membrane temperature fluctuation by around 50% in both August and November. During early
winter months, the plants and growth medium add thermal mass to decrease the membrane
temperature fluctuations. In very cold weather, snow accumulation acts as effective natural
insulation, isolating the roof from the ambient environment and this overrides any effect of the
green roof on roof thermal protection. During warm periods, precipitation plays an important
role in both temperature and heat flux through the roofing system. When the weather is dry, the
soil temperature of the green roof and the surface temperature of the traditional roof are both
higher than the air temperature. After rainfall events, the temperature of the green roof decreases
close to the air temperature, while the traditional roof remains around 5℃ higher than the air
temperature. This phenomenon can be explained by the dissipated latent heat caused by ET.
Also, the green roof significantly moderated the heat flow by 40% through the roofing system
compared to the traditional roof. Only considering the heat flow through the roof, the 5600 m2
green roof was estimated to save about $295 on electricity for summer months compared with a
traditional insulated roof. In addition, simulations demonstrated that adding a water balance to
account for soil moisture and ET effects can improve the effectiveness of model simulations of
roof temperature. A model sensitivity analysis showed that amplitude of the daily variation in
temperature of the growth medium decreases with increasing albedo. The albedo of green roofs
is related to plant type, biomass, and soil moisture content. In this study, details of energy and
moisture flow through the plants were not considered. To improve the accuracy of the green roof
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model, a plant layer could be developed in CHAMPS in the future. CHAMPS proved to be a
useful tool for the quantitative evaluation of the energy benefits of green roofs under temperate
climate. Further, it can add value to designers when considering retrofit additions of green roofs
on buildings.
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Chapter 5
CONCLUSIONS
5.1 Key Findings
The overall goal of this PhD research is to advance knowledge of the hydrologic performance
and thermal properties of a green roof, with emphases on the aging effect of soil media, the
evapotranspiration (ET) process, and thermal modeling. Investigating the aging effect allows
practitioners and policymakers to understand changes in hydrologic performance as the roof
ages. Evaluating the ET process allows researchers and practitioners to quantify hydrologic and
thermal benefits of green roofs. Establishing a thermal modeling tool allows designers and
practitioners to estimate the energy cost saving and durability of a green roof before a traditional
roof is replaced by a green roof retrofit. Overall, exploration of these areas can result in
substantial theoretical and practical contributions to green roof design and maintenance as well
as improved stormwater management and less costly thermal control in buildings.

This research focused on a green roof on the Nicholas J. Pirro Convention Center (OnCenter) in
Syracuse, NY. The 5600 m2 rectangular-shaped roof was retrofit on top of the existing structure
in 2011. The roof is sloped at -1% from the centerline. Since 2015, the green roof has been
instrumented with various sensors to record rainfall, runoff, soil moisture content, temperature in
various roof layers, solar radiation, windspeed and direction, and relative humidity. The field
data provided by this instrumentation are basis of this research.

In Chapter 2, the aging effect of the green roof is evaluated. Various key physical properties of
virgin (2011) and aged samples (2018) were tested, and the impact of changes on hydrologic
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retention and detention performance were assessed. The particles and pores tend to shift to
smaller sizes as the roof ages. This pattern is similar to the findings in other studies (De-Ville et
al., 2017; Hill et al., 2017). The reduction of pore sizes can be explained by root development,
increases in soil organic matter, and growth medium consolidation. An increase of maximum
water holding capacity in the aged sample suggests better hydrologic retention and detention
performance. Meteorological conditions were similar in 2015 and 2017, so hydrologic
performance of the roof during these two years was compared to investigate whether differences
could be detected in the 6-year old roof compared with the 4-year old roof. Both retention and
detention performances were slightly better in 2017. Furthermore, the HYDRUS-1D model was
applied to simulate rainfall-runoff for five 24-hr design storms. The simulated results showed
improvements in runoff retention, runoff delay and peak intensity delay in an aged green roof.
This study offers a repeatable method to determine the effect of soil media aging. On the
hydrologic function of a green roof, HYDRUS-1D shows potential to simulate green roof
hydrologic performance.

Chapter 2 contributes to the existing literature on green roof aging by relating change in physical
properties of the growth medium to the hydrologic performance. The methods used in this study
can be repeated for other studies in aging effect research. The findings in this chapter offer
insights to urban planners and practitioners on what to expect as a green roof ages. However, the
two separate years of monitoring data analyzed to show the change of hydrologic performance
due to aging were 2015 and 2017, only two years apart. Collecting data from years with greater
separation is needed to better understand the effect of aging.
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In Chapter 3, continuous daily ET measurements were conducted from May 2015 to November
2017 using the soil water balance method. Quantifying ET can enhance our knowledge of
hydrologic processes, urban heat island mitigation, building energy saving, and reduction in heat
loss through the roof. ET is restricted when the soil moisture is relatively low. The initial soil
moisture content and the amount of solar radiation greatly influence the ET rates.

Since ET is difficult to measure, various models have been developed to predict values from
available data. The models were mainly intended for agriculture but were applied to the
OnCenter green roof. Since the green roof is not irrigated, a term to account for water availability
has been added to the models. Fourteen models were evaluated with a crop coefficient, soil
moisture extraction functions (SMEF), the Thornthwaite-Mather (T-M) equation, and the
antecedent precipitation index (API). Comparison of measured and predicted ET rates revealed
that the ASCE Penman-Monteith model performed the best. However, this model requires
various onsite monitored data which are not commonly available for green roofs. Overall, it is
proposed that when soil moisture data are available, the Blaney-Criddle and the Priestley-Taylor
models together with SMEF and monthly crop coefficients are the best ET models due to their
limited data input requirements. When soil moisture data are not available, the modified API
model with monthly crop coefficients is recommended for application to Central New York.

Chapter 3 contributes to the existing literature by providing a low-cost methodology for
estimating ET and evaluating of the suitability of various models to estimate ET, including those
designed to account for water availability. Irrigation can enhance ET, reduce temperature,
improve plant vitality, and improve overall hydrologic and thermal performance of a green roof.

98

With accurate measurements or predictions of ET, appropriate irrigation decisions can be made.
ET is an important characteristic of hydrologic function, and better ET estimates can improve
green roof hydrologic and thermal predictions, to maximize environmental benefits.

In Chapter 4, a combined energy and moisture model was developed using the Combined Heat,
Air, Moisture, and Pollutant Simulation (CHAMPS) software to simulate heat flow and
temperature profiles through the layers of the green roof. The simulated results were validated
with the measured data in both August and November. In August, simulations showed the green
roof reduced the temperature fluctuations of the membrane by 48%. The membrane absorbs solar
radiation during the day and the roof temperature increases, and then the roof re-radiates the heat
at night and the temperature decreases. In addition, by considering the water balance model,
simulation of roof temperatures improved by accounting for soil moisture and ET. In November,
without a snowpack, the simulated temperatures of the growth medium followed the diurnal
cycle of ambient air temperatures with smaller amplitude than a traditional roof. In the coldest
part of winter in January, when there is a snowpack on the roof surface, the growth medium
remained slightly above freezing, since the snow acted as an insulator. In this study, details of
energy and water flow through the plants were not considered, although the plants might be
treated as a separate layer in future studies. Overall, CHAMPS showed its ability to quantify the
energy benefits of green roofs under temperate climates.

Chapter 4 contributes to the existing literature by providing a thermal modeling tool to predict
the thermal benefits of green roofs. For example, green roofs can serve as a passive cooling
technique through insulation, thermal mass, and ET. CHAMPS can add a green roof layer to any
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existing building to assess the thermal potential of adding a green roof as a retrofit. Simulating
the energy flow through the layers of a proposed green roof before it is built can help urban
planners and practitioners estimate and maximize the thermal benefits.

5.2 Proposed Areas of Future Work
Several new opportunities for extending the research are presented below. Further, the
methodologies presented in this dissertation can be applied to other green infrastructure.

Area 1: A standard physical test procedure is needed in the green infrastructure industry.
Physical properties of green roofs provide important model parameters. Various studies applied
different methods, testing saturated hydraulic conductivity, wilting point, field capacity, and
other variables. Developing standard physical test procedures will allow researchers to compare
their tested results, to further inform design.

Area 2: The focus of this work has been on the growth medium of the green roof. Plants are
important factor affecting the hydrologic and thermal performance of the green roof.
Specifically, vegetation is expected to change as the green roof ages. Future work is needed to
identify the impact of aging vegetation.

Area 3: The rain simulator can help to assess the influence of growth medium depth, roof slope,
plant type, plant coverage, and growth medium composition on hydrologic performance. Since a
rain simulator can provide various rainfall intensities as required, a green roof plot with different
features can be tested under this controlled setup. In addition, the results from the green roof plot
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can be compared to monitored data from the full-scale green roof to evaluate how representative
the lab experiments are.

Area 4: The soil water balance ET measurement method can be applied to a green infrastructure
network, in which research is conducted on various types of green infrastructure at different
locations. The soil water balance method is an affordable approach to measure ET that only
requires soil moisture sensors. With portable sensors, this method can be widely used to estimate
ET on various types of green infrastructure. The results can help quantify the benefits of green
infrastructure, and assist with maintenance decisions.
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Appendix A
HYDRUS-1D mainly solves the Richards equation for saturated-unsaturated water flow (Eq.
A1). Van Genuchten –Mualem relationship is applied with Richards equation by determining the
unsaturated hydraulic conductivity in terms of soil hydrologic parameters (Eq. A.2-A.4).
𝜕𝜃
𝜕𝑡

𝜕𝑞

𝜕

= − 𝜕𝑧 = 𝜕𝑧 [𝐾(𝜑𝑚 )(

𝜕𝜑𝑚
𝜕𝑧

+ 1)]

(Eq. A1)

where 𝜃 is the volumetric moisture content [L3L−3]; 𝜑 is the suction head [L]; K is the
unsaturated hydraulic conductivity [LT−1]; S is the volume of water removed from a unit volume
of soil per unit time due to plant water uptake[L3L−3T−1].
𝜃 −𝜃

𝜃 (𝑃𝑐 ) = 𝜃𝑟 + [1+|𝛼𝑃𝑠 |𝑛]𝑟1−1/𝑛

(Eq. A.2)

𝑐

𝑃 −𝜆

𝑆𝑒 = [𝑃𝑐]
𝑒

= (𝜃 − 𝜃𝑟 )/(𝜃𝑠 − 𝜃𝑟 )
1

𝐾(𝜃) = 𝐾𝑠 𝑆𝑒 0.5 [1 − (1 − 𝑆𝑒 1−1/𝑛 )1−1/𝑛 ]

(Eq. A.3)
2

(Eq. A.4)

Where 𝜃𝑟 𝑎𝑛𝑑 𝜃𝑠 are respectively the residual and saturated water content; Pc is soil pressure; Pe
represents the entry pressure; the parameter λ is experimentally derived and it is related to the
soil size distribution index; 𝐾(𝜃) is hydraulic conductivity which related to the water content;
parameter 𝛼 and n are independent parameters. Values of 𝛼 and n for twelve types of soils are
shown in Table A.1.
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Table A.1. Average values of 𝜃𝑠 , 𝜃𝑟 , 𝛼, 𝑛, Porosity and 𝐾𝑠
calibration data set.
Soil texture
Number
𝜃𝑠
𝜃𝑟
3
−3
3
of
(𝑐𝑚 𝑐𝑚 ) (𝑐𝑚 𝑐𝑚−3 )
samples
Sand
246
0.43
0.045
Loamy sand
315
0.41
0.057
Sandy loam
1183
0.41
0.065
Loam
735
0.43
0.078
Silt
82
0.46
0.034
Silt loam
1093
0.45
0.067
Sandy clay loam
214
0.39
0.100
Clay loam
364
0.41
0.095
Silty clay loam
641
0.43
0.089
Sandy clay
46
0.38
0.100
Silty clay
374
0.36
0.070
Clay
400
0.38
0.068
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of the Carsel and Parrish (1988)
𝛼

𝑛

(𝑐𝑚−1 )
0.145
0.124
0.075
0.036
0.016
0.020
0.059
0.019
0.010
0.027
0.005
0.008

2.68
2.28
1.89
1.56
1.37
1.41
1.48
1.31
1.23
1.23
1.09
1.09

Porosity
𝐾𝑠
3
−3
(𝑐𝑚 𝑐𝑚 ) (cm/hr)
0.384
0.350
0.325
0.265
0.202
0.210
0.221
0.140
0.092
0.113
0.023
0.033

29.7
14.59
4.42
1.04
0.25
0.45
1.31
0.26
0.07
0.12
0.02
0.2
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25.4mm design storm

2-year design storm

Intensity (mm/hr)

Intensity (mm/hr)

40
30
20
10
0

80
60
40
20
0

0

10
Time (hour)

20

0

10-year design storm

20

50-year design storm
200

Intensity (mm/hr)

150

Intensity (mm/hr)

10
Time (hour)

100
50
0
0

10
Time (hour)

20

150
100
50
0
0

10
Time (hour)

20

100-year design storm

Intensity (mm/hr)

200
150

Rainfall

100

Runoff 2011
Runoff 2018

50
0
0

10
Time (hour)

20

Figure B.1. Simulated hydrographs with rainfall (grey line), runoff for 2011virgin soil (blue
line), and runoff for 2018 aged soil (orange dot line).
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Appendix C

Daily Snowfall
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Figure C.1. Daily snowfall and daily minimum and maximum air temperature (1938-2016).

Appendix D
Table D.1. Thermal properties of the Conventional Center green roof.
Thermal
Specific heat
Thickness
Density
Layers
conductivity
capacity
(cm)
(kg m-3)
(W m-1 K-1)
(J kg-1 K-1)
Growth Medium
7.62
790
0.36
1000
Drainage mat
0.63
1000
0.92
1000
Waterproof membrane
0.12
1400
0.43
1000
Gypsum board 2
1.59
700
0.16
870
Extruded polystyrene insulation
7.62
100
0.03
1300
Gypsum board 1
1.27
700
0.16
870
Steel
7.62
3600
20
700
*Thickness, density, and thermal conductivity for all layers except growth medium are from the
original construction files. Parameters for the growth medium were measured on the OnCenter
roof.
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Appendix E
𝜕

𝜕

𝑚

𝜕𝑡

𝜕

𝜕

𝑚

𝜕𝑡

𝜕

𝑚

𝑚

𝑚

𝑚

(Eq. E.1)

𝑚

𝑎
𝑎
𝑎
𝜌𝑅𝐸𝑉
= − 𝜕𝑥 (𝑗𝑐𝑜𝑛𝑣
) + 𝜎𝑅𝐸𝑉

𝜕

𝜕𝑡

𝑚

𝑤+𝑣
𝑤+𝑣
𝑤
𝑣
𝑣
] + 𝜎𝑅𝐸𝑉
𝜌𝑅𝐸𝑉
= − 𝜕𝑥 [𝑗𝑐𝑜𝑛𝑣
+ 𝑗𝑐𝑜𝑛𝑣
+ 𝑗𝑑𝑖𝑓𝑓

(Eq. E.2)

𝑚

𝑚

𝑚

𝑚

𝑄
𝑎
𝑈
𝑣
𝑤
𝑣
𝑈
] + 𝜎𝑅𝐸𝑉
𝜌𝑅𝐸𝑉
= − 𝜕𝑥 [𝑗𝑐𝑜𝑛𝑑
+ ℎ𝑣 𝑗𝑑𝑖𝑓𝑓
+ 𝜇𝑤 𝑗𝑐𝑜𝑛𝑣
+ 𝜇𝑣 𝑗𝑐𝑜𝑛𝑣
+ 𝜇𝑎 𝑗𝑐𝑜𝑛𝑣

𝜕𝑝

𝑚

𝑤
𝑗𝑐𝑜𝑛𝑣
= −𝐾𝑙 (𝜃𝑙 ) ( 𝜕𝑥𝑙 + 𝜌𝑙 𝑔)

(Eq. E.3)

(Eq. E.4)

𝑚

𝑚𝑔
𝑗𝑐𝑜𝑛𝑣
+𝜌
𝑎
𝑣

(Eq. E.5)

𝑚

𝑚𝑔
𝑗𝑐𝑜𝑛𝑣
+𝜌
𝑎
𝑣

(Eq. E.6)

𝑣
𝑗𝑐𝑜𝑛𝑣
=𝜌

𝑎
𝑗𝑐𝑜𝑛𝑣
=𝜌

𝜌𝑣

𝜌𝑎

𝑚𝑔

𝑗𝑐𝑜𝑛𝑣 = −𝐾𝑔 (𝜃𝑙 ) (
𝑚

𝑣
𝑗𝑑𝑖𝑓𝑓
=−

𝜕𝑝𝑔
𝜕𝑥

+ 𝜌𝑔 𝑔)

(Eq. E.7)

𝐷𝑣 (𝜃𝑙 ,𝑇) 𝜕𝑝𝑣
𝑅𝑣 𝑇

(Eq. E.8)

𝜕𝑥

𝜕𝑇

𝑄

𝑗𝑐𝑜𝑛𝑑 = −𝜆(𝜃𝑙 ) 𝜕𝑥

(Eq. E.9)

𝑚

𝑚

𝑤+𝑣
𝑤
where 𝜌𝑅𝐸𝑉
is moisture (liquid water + vapor) density in reference volume in kg/m3, 𝑗𝑐𝑜𝑛𝑣
is

𝑚

𝑚

𝑣
𝑣
convective liquid water flux in kg/m2 s, 𝑗𝑐𝑜𝑛𝑣
is convective water vapor flux in kg/m2s, 𝑗𝑑𝑖𝑓𝑓
is

𝑚

𝑤+𝑣
diffusive water vapor flux in kg/m2 s, 𝜎𝑅𝐸𝑉
is moisture sources/sinks in the reference volume in

𝑚

𝑚

𝑎
𝑎
kg/m3s, 𝜌𝑅𝐸𝑉
is air mass density in reference volume in kg/m3, 𝑗𝑐𝑜𝑛𝑣
is convective air mass flux

𝑚

𝑎
𝑈
in kg/m2s, 𝜎𝑅𝐸𝑉
is air sources/sinks in reference volume in kg/m3 s, 𝜌𝑅𝐸𝑉
is internal energy

𝑄
density in reference volume in J/m3, 𝑗𝑐𝑜𝑛𝑑
is heat conduction flux in W/m2, ℎ𝑣 is specific

enthalpy of water vapor in J/kg, 𝜇𝑤 , 𝜇𝑣 , 𝜇𝑎𝑖𝑟 are specific internal energy of water, vapor, and air
𝑈
in J/kg, 𝜎𝑅𝐸𝑉
is energy sources/sinks in reference volume in J/m3. 𝐾𝑙 is liquid water conductivity
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in s, 𝜃𝑙 is water content in m3/m3, 𝑝𝑙 is liquid water pressure in Pa, 𝜌𝑙 is intrinsic density of liquid
phase in kg/m3, g is gravity constant in m/s2, 𝑝𝑣 is water vapor pressure in gas phase in Pa, 𝑝𝑎 is
𝑚𝑔

air pressure in gas phase in Pa, 𝑗𝑐𝑜𝑛𝑣 is convective flus of the gas phase in kg/m2 s, 𝐾𝑔 is gas
permeability of material in s, 𝜌𝑔 is intrinsic density of gas phase in kg/m3, 𝐷𝑣 is vapor diffusivity
in m2/s, 𝑅𝑣 is gas constant of water vapor in J/kg K, T is temperature in K, 𝜆 is thermal
conductivity of material in W/m K.
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